Growth, Characterization and Measurement of Epitaxial Sr2RuO4 Thin Films by Cao, Jing
  
 
Growth, Characterization and 
Measurement of Epitaxial Sr2RuO4 
Thin Films  
 
 
Jing Cao 
Hughes Hall, University of Cambridge 
 
 
 
 
 
 
A dissertation submitted for the degree of Doctor of Philosophy at the 
University of Cambridge 
2017, June 
 
I 
 
Contents 
 
Chapter 1 Introduction ................................................................................................... 1 
Chapter 2 Physical Theories .......................................................................................... 5 
2.1 Basic Superconductivity Theory .......................................................................... 7 
2.1.1 The Ginzburg-Landau Theory ....................................................................... 7 
2.1.2 BCS Theory ................................................................................................. 10 
2.2 Unconventional Superconductivity .................................................................... 14 
Chapter 3 An Introduction to Sr2RuO4 ........................................................................ 19 
3.1 Normal State of Sr2RuO4 ................................................................................... 20 
3.1.1 Crystal Structure .......................................................................................... 20 
3.1.2 Transport Properties .................................................................................... 22 
3.2 Superconducting State of Sr2RuO4 ..................................................................... 25 
3.2.1 Sensitivity to Impurities and Structural Disorders ...................................... 26 
3.2.2 A Possible p-wave Spin Triplet Superconductor ......................................... 28 
3.3 Fabrication of Sr2RuO4 ...................................................................................... 32 
3.3.1 Single Crystal Sr2RuO4 ................................................................................ 32 
3.3.2 Thin Film Sr2RuO4 ...................................................................................... 33 
3.4 Sr2RuO4-Ru Eutectic System ............................................................................. 38 
3.5 The Effect of Pressure on The Tc of Sr2RuO4 Single Crystals ............................ 41 
Chapter 4 Thin Film Growth........................................................................................ 43 
4.1 Thin Film Growth Mode .................................................................................... 43 
4.2 Epitaxial Films ................................................................................................... 47 
4.3 Pulsed Laser Deposition ..................................................................................... 50 
Chapter 5 Characterization Techniques ....................................................................... 58 
5.1 XRD ................................................................................................................... 58 
5.2 Low Angle Reflectivity and High Angle Fringes .............................................. 65 
5.3 Resistance As a Function of Temperature Measurement ................................... 68 
5.3.1 Tc Probe in Helium Dewar ........................................................................... 69 
5.3.2 Helium-3 Probe in Minicryofree ................................................................. 69 
5.4 AFM ................................................................................................................... 72 
II 
 
Chapter 6 Growth and Optimization of Metallic c-axis Oriented Epitaxial Sr2RuO4 
Thin Films .................................................................................................................... 74 
6.1 Phase Optimization for c-axis Epitaxial Sr2RuO4 Thin Films on LSAT 
Substrates ................................................................................................................. 74 
6.1.1 Target Fabrication ........................................................................................ 74 
6.1.2 Substrate ...................................................................................................... 77 
6.1.3 The Influence of Deposition Parameters on Thin Film Phase Composition79 
6.1.4 Summary on Sr2RuO4 Thin Film Phase Optimization ................................ 92 
6.1.5 A Comment on the Reproducibility of Sr2RuO4 Phase ............................... 93 
6.2 Transport Study and Improvements to the Fully Metallic Sr2RuO4 Thin Films 96 
6.2.1 Correlation between the FWHM and MIT Temperatures of Sr2RuO4 Thin 
Films ..................................................................................................................... 97 
6.2.2 Fine Tuning to Improve Transport of Sr2RuO4 Thin Films......................... 99 
6.2.3 Summary on The Transport Improvement of Sr2RuO4 Thin Films ........... 108 
6.2.4 Comment on the AFM Results of the Sr2RuO4 Thin Films ...................... 110 
Chapter 7 Enhanced Localized Superconductivity of Sr2RuO4 Thin Film on LSAT 113 
7.1 XRD Characterization of Superconducting Sr2RuO4 Thin Films .................... 113 
7.2 Transport Measurement of Superconducting Sr2RuO4 Thin Films .................. 116 
7.3 Structural and Transport Analysis Showing Localized Enhanced 
Superconductivity................................................................................................... 119 
Chapter 8 Partial Superconducting Sr2RuO4 Thin Films on Nb-SrTiO3 ................... 129 
8.1 Characterization of Sr2RuO4 Thin Films on Nb-SrTiO3 .................................. 129 
8.2 Transport Measurement on Sr2RuO4 Thin Films Grown on Nb-SrTiO3 Substrate
 ................................................................................................................................ 134 
8.3 Further Analysis and Conclusions ................................................................... 137 
Chapter 9 Conclusions and Future Work ................................................................... 141 
9.1 Conclusions ...................................................................................................... 141 
9.2 Future Work ..................................................................................................... 144 
Reference ................................................................................................................... 146 
Appendix Ι Thickness Calculation and Experimental Errors .................................... 155 
Appendix II Bragg Equation ...................................................................................... 157 
 
III 
 
Preface 
 
This dissertation is submitted for the Degree of Philosophy in the University of 
Cambridge. The work has been carried out in the Department of Materials Science and 
Metallurgy under the supervision of Prof Mark Blamire since October 2013. This 
dissertation is the result of my own work and includes nothing which is the outcome of 
work done in collaboration except as specified in the text. No part of the work has been 
or is being submitted for any other degree, diploma or qualification at this or any other 
university. The dissertation is within the limit of 60,000 words. 
 
Some of the main results in this thesis that have been published as paper or 
undergoing submission process are as follows: 
 
Cao J, Massarotti D, Vickers M, Kursumovic A, Di Bernardo A, Robinson J, Tafuri F, 
Driscoll J, Blamire M, et al. Enhanced localized superconductivity in Sr2RuO4 thin film 
by pulsed laser deposition. Superconductor Science and Technology. 
2016;29(9):095005. 
 
J Cao, KHL Zhang, D Pingstone, VK Lazarov, A Kursumovic, JL MacManus-Driscoll, 
MG Blamire. Partial Superconducting Sr2RuO4 Thin Films on Nb-STO by Pulsed Laser 
Deposition. In preparation. 
 
August, 2017 
Cambridge, UK 
Jing Cao 
 
IV 
 
Abstract 
In this thesis, the growth of c-axis oriented Sr2RuO4 thin films using pulsed laser 
deposition and their electrical transport properties are systematically discussed. The 
deposition and optimization process involved several progressive steps. Specifically, 
the first focus was on the Sr2RuO4 phase optimization in films grown on lattice-matched 
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates. Film composition was found to be 
greatly influenced by changes in oxygen pressure, substrate temperature, target to 
substrate distance, and laser fluence. High oxygen pressure, low substrate temperature, 
large target to substrate distance, and high laser fluence increased the tendency to form 
the Ru-rich SrRuO3 phase in the film. The second focus was on improving the electrical 
transport properties of Sr2RuO4 from metal-insulating to fully metallic and eventually 
to superconducting behavior. 
It was observed that the full width at half maximum (FWHM) of the Sr2RuO4 (006) 
rocking curves in x-ray diffraction (XRD) scan was related to the quality of the 
electrical transport response. By fine tuning the deposition parameters to obtain low 
FWHM values, the electrical transport behavior of the Sr2RuO4 thin films was 
consistently improved from metal-insulating to fully metallic. In addition, localized 
superconductivity with enhanced superconducting transition temperature Tc onset was 
also observed among the fully metallic film. An in-depth study of the XRD results in 
fully metallic films indicated the existence of defects (intergrowths) along the c-axis 
direction, which caused localized c-axis tensile strain. The existence of structural 
defects within the film was likely to be responsible for the fact that only localized 
superconductivity was observed in the films. Furthermore, the enhanced 
superconducting transition temperature (Tc) relative to bulk single crystals is likely to 
be associated to localized strain in the film.  
Finally, Nb doped SrTiO3 substrates were used to achieve better quality growth of 
partial superconducting Sr2RuO4 thin films. Sr2RuO4 films grown on Nb doped SrTiO3 
substrates had smaller FWHM values and lower level of c-axis tensile strain compared 
to those on LSAT substrates. Various partially superconducting films with different 
V 
 
thicknesses and different superconducting Tc values are presented, and correlations 
between fabrication process, film crystalline quality as well as transport properties are 
discussed. This work provides better understanding of the importance of maximizing 
crystalline quality by delicate fine tuning of PLD deposition parameters to achieve high 
quality superconducting films. 
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Chapter 1 Introduction 
Superconductivity is not a new concept and has already found applications such 
as in SQUID (superconducting quantum interference device) magnetometers which are 
versatile instruments for studying magnetic properties in materials. In our daily lives, 
superconducting materials are used in applications ranging from healthcare (magnetic 
resonance imaging) to transportation (maglev). In superconductors, some electrons 
interact to form Cooper pairs. In most cases, the spin of two electrons in a Cooper pair 
are aligned antiparallel to each other, and such kind of superconductors are known as 
spin singlet superconductors. They are the most common type of superconductors 
known to date, and include for example, the elemental superconductors like Nb, Al, 
standard alloy superconductors like NbTi, and the high temperature superconductors 
like YBa2Cu3O7. 
 In a very small minority of superconductors known as the spin triplet 
superconductors, the spin of electrons in Cooper pairs are thought to be aligned parallel 
to each other. Theoretically, depending on the angular momentum of the Cooper pairs, 
spin triplet superconductors can be divided into p-wave and f-wave. However, spin 
triplet superconductors are not commonly nor convincingly observed. Considerable 
attention has been paid to searching and studying for the existence of spin triplet 
superconductors.  
In 1994, a piece of Sr2RuO4 single crystal was found to exhibit superconductivity. 
This has attracted great interest among scientists because Sr2RuO4 is potentially a very 
rare example of an intrinsic p-wave spin triplet superconductor[1]. Although Sr2RuO4 
may not be the only material which could have spin triplet pairing, its simple crystal 
structure perhaps makes it the best example to understand spin triplet superconductivity 
[2]. Therefore, it is highly expected that Sr2RuO4 could provide answers to many open 
questions such as whether superconductivity can exist in a spin triplet pairing and how 
different this is from spin singlet pairing.  
So far, a lot of work has been carried out on Sr2RuO4, searching for evidence of 
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spin triplet superconductivity[3, 4]. The most convincing experiments are from nuclear 
magnetic resonance (NMR) and muon spin relaxation (μSR)[1, 5]. However, there are 
many more experiments giving some ambiguous results, especially those including the 
current-voltage characteristics of the interfaces between Sr2RuO4 and some other 
materials[2, 4, 6]. This inconsistency from different experiments has hindered scientists’ 
understanding of Sr2RuO4.  
One direct reason for the problem is that all the experiments used Sr2RuO4 single 
crystals. During the Sr2RuO4 single crystal growth using the floating zone method
[7], 
Ru in the starting material can be easily turned into RuO4, which is highly volatile
[7]. 
To compensate for the Ru loss, usually an excess of Ru is normally added into the 
starting materials. Even though, the as-grown Sr2RuO4 single crystal rod is still 
inhomogeneous in terms of composition. It is very common that the outer surface of 
the Sr2RuO4 single crystals is deficient of Ru and the inner core contains Ru metal 
inclusions[7, 8]. Given the dimension of the as-grown Sr2RuO4 single crystal rod, which 
is normally about 80 mm x 4 mm x 3 mm[7], this has posed a great challenge to sample 
consistency. Samples for experimental use have to be cleaved from the rod and chosen 
with care. In most cases, the cleaved surfaces are not smooth, and there are always 
surface steps[2]. Moreover, there are different surface reconstructions[9] on the cleaved 
surfaces, which would alter the surface electronic state and lead to poor electrical 
contact to the a-b plane[10]. These problems have created many challenges to further 
processing, making it unfavorable for device fabrication[6, 11], which is important to the 
probing of the superconducting pairing state of Sr2RuO4. Therefore, it is not hard to 
understand why the previous experiments have ambiguous results.  
These problems could be alleviated by using thin films. The growth of 
superconducting Sr2RuO4 thin films would enable in situ-device fabrication. In addition, 
Sr2RuO4 has a perovskite structure, making it an excellent candidate for device 
integration as it is chemically and structurally compatible with numerous oxides[12]. 
Furthermore, the good lattice matching between Sr2RuO4 with many other 
superconducting materials eliminates potential interface problems[13]. Thus, a 
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superconducting Sr2RuO4 thin film is highly desirable. Many research groups have 
devoted a lot of effort to growing superconducting Sr2RuO4 thin films, but no 
satisfactory results in terms of electrical transport properties have been reported to date. 
Before this work, only one superconducting Sr2RuO4 thin film has been reported, with 
the onset of superconducting transition (Tc) at 0.9 K
[14], while the bulk Tc is 1.5 K. The 
primary challenge lies in the fact that p-wave superconductivity is extremely sensitive 
to impurities and disorder[15]: for example, structural disorders such as planar defects 
within the range of the in-plane coherence length (66 nm)[16] of Sr2RuO4 can easily 
suppress superconductivity[17]. Therefore, most attempts resulted in non-
superconducting behavior with varying metal-insulator transition temperatures at low 
temperatures[17, 18]. 
This PhD research is primarily aimed at the growth and characterization of c-axis 
oriented Sr2RuO4 thin films using pulsed laser deposition. The detailed study of this 
thesis will be systematically discussed in the following chapters. Chapter 2 introduces 
the basic superconductivity theory and some concepts related to this research. Chapter 
3 is a systematic literature review on past and current researches on Sr2RuO4. As 
another interesting part, the Sr2RuO4-Ru eutectic system was also introduced. Chapter 
4 discusses the thin film growth principles, including the pulsed laser deposition 
technique used throughout the research. Chapter 5 describes all the characterization 
technique involved in this research. Chapter 6 to 8 are the experimental chapters. 
Chapter 6 is Sr2RuO4 thin film phase optimization and transport optimization. It mainly 
describes how the deposition parameters affect the film composition, quality and 
transport. Chapter 7 discusses the superconducting Sr2RuO4 thin film grown on LSAT 
substrate. In this chapter, the low temperature resistance as a function of temperature 
and current as a function of voltage measurements were performed in collaboration with 
Prof. Francesco Tafuri and Dr. Davide Massarotti. The equation used in Chapter 7 is 
discussed in the Appendix. In chapter 8, fabrication of superconducting Sr2RuO4 
epitaxial thin films was on Nb-STO substrates was discussed. The STEM 
characterization was carried out in collaboration with Prof. Kelvin Hongliang Zhang, 
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Dr. D Pingstone and Dr. Vlado Lazarov. Chapter 9 is a summary and outlook based on 
the present work.  
 
    
5 
 
Chapter 2 Physical Theories 
Electrical resistance of metals arises from scattering of conduction electrons. As 
temperature decreases, the scattering of electrons is also reduced due to reduction in the 
crystal lattice vibration speed and electron speed[19]. Therefore, for many 
metals/conductors, their resistances gradually decrease with decreasing temperature, 
approaching the residual resistance at 0 K. Unlike these conventional conductors, below 
a specific temperature, the d.c. resistance of a superconductor drops sharply to zero. 
This temperature is defined as the critical temperature (Tc) for superconductors. In 
practice, zero resistance means zero energy dissipation, which can be observed in the 
form of perpetual current in a superconductor loop.  
A more fundamental characteristic of superconductors came in the year of 1933, 
when W. Meissner and R. Ochsenfeld[20] discovered the Meissner effect. It is the ability 
of a superconductor to completely expel an external magnetic field. Suppose a 
superconductor in the superconducting state is placed in a zero external field, and the 
external field is gradually turned on. According to the Meissner effect, the magnetic 
field inside the superconductor must be zero. Now consider things the other way. 
Suppose the superconductor is placed in an external field when it is at the normal state, 
in this case the magnetic field easily penetrates into the superconductor. However, as 
the temperature is cooled below the Tc, the magnetic field inside the superconductor is 
expelled.  
The magnitude of the magnetic field that can be expelled by a superconductor is 
not infinite. When the external magnetic field becomes exceedingly strong that it 
exceeds the field that the superconductor can tolerate (defined as critical field), the 
superconductivity is destroyed. In fact, different superconductors behave differently 
when the applied field approaches the critical field. This is how superconductors are 
categorized into type I and type II superconductors.  
For type I superconductors, the Meissner effect happens when the external 
magnetic field is lower than the critical field, Hc. Beyond the critical field, 
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superconductivity is destroyed and the superconductor behaves like a normal metal 
even though the temperature is still below Tc. On the other hand, type II 
superconductors behave differently. There are two levels of critical field in type II 
superconductors. When the external magnetic field is still weak, the Meissner effect is 
unaffected. Once the external field reaches the lower critical field, Hc1, magnetic field 
can penetrate into the superconductor in the form of vortices. The vortex consists of a 
region where supercurrent circulates around a small central core which is in the normal 
state. The magnetic field is able to pass through the superconductor inside the vortex 
cores, and the circulating supercurrents can screen out the magnetic field from the rest 
of the superconductor outside the vortex. The superconductor is thus said to be in a 
mixed state consisted of normal and superconducting regions. The density of the 
vortices increases as the field increases until the field exceeds the upper critical field, 
Hc2, and superconductivity is destroyed
[19]. This process is shown in Figure 2.1. 
In other words, superconductivity in type I superconductors is abruptly destroyed 
when the external magnetic field exceed its critical field. In contrast, for type II 
superconductor, there is a range of magnetic field from Hc1 to Hc2 at which the 
superconductor is in a mixed state before it is entirely destroyed upon reaching Hc2. 
 
Figure 2.1 The H-T phase diagram of type I and type II superconductors. In type 
II superconductors the phase below Hc1 is denoted the Meissner state, while the phase 
between Hc1 and Hc2 is the mixed state
[19].  
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Many theories have been developed around superconductivity ever since its 
discovery. Here we will not go through all the details or complex derivations, but will 
mention some key theories and concepts. 
2.1 Basic Superconductivity Theory  
2.1.1 The Ginzburg-Landau Theory 
For superconductors, the abrupt transition from the normal state to the 
superconducting state is a phase transition, which involves the change in their free 
energy. Analogous to water and ice which are two different states of the same matter, 
the normal state and the superconducting state are also different thermodynamic states 
of the same material. The fact that the transition is spontaneous at zero magnetic field 
indicates that the superconducting state is a more stable state at low temperatures. It 
means that under these conditions, the Gibbs free energy of the superconducting state 
is lower than that of the normal state. This forms the framework of the Ginzburg-
Landau theory. Based on this, Ginzburg and Landau made the following postulation[21]:   
𝑓𝑠 − 𝑓𝑛 = 𝛼|𝜓|
2 +
1
2
𝛽|𝜓|4                                           (2.1), 
where fn and fs are the free energy density for the normal and superconducting state, 
separately; α and β both depend on temperature and material. 𝜓 is the wavefunction 
associated with the macroscopic superconducting state: 
𝜓 = |𝜓|𝑒𝑖𝜑                                                       (2.2), 
where 𝜓𝜓∗ is the density of superconducting electrons, and φ is a spatially varying 
phase[22]. 𝜓  is also the superconducting order parameter. It is zero when the 
superconductor is at the normal state (T > Tc), but has a finite value at the 
superconducting state (T ≤ Tc)[19]:  
𝜓 = {
0          𝑇 > 𝑇𝑐
𝜓(𝑇) ≠ 0   𝑇 ≤ 𝑇𝑐
                                             (2.3). 
Two important lengths can be derived from the Ginzburg-Landau theory. The first 
one is the Ginzburg-Landau coherence length 𝜉[19]:  
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𝜉(𝑇) = 𝜉0|
𝑇−𝑇𝑐
𝑇𝑐
|−1/2                                                (2.4), 
where 𝜉0 is the coherence length at zero temperature. 𝜉(𝑇) can be understood as the 
length over which the order parameter can vary without unwanted energy increase. For 
example, in the situation where a superconductor is placed next to a normal metal, the 
order parameter is zero in the normal metal, but non-zero in the superconductor. Since 
the superconducting transition is a second order phase transition, the order parameter 
should be continuous. In this sense, the order parameter gradually changes from zero in 
the metal to a finite value after a distance 𝜉 into the superconductor. This is illustrated 
in Figure 2.2, where 𝜓0 is the value of the order parameter in the superconductor far 
away from the interface. The value of 𝜓 as a function of distance from metal to 
superconductor can be found according to equation (2.5). The value of 𝜉(T) can be 
obtained from equation (2.4). 
𝜓(x) = 𝜓0tanh (
𝑥
√2𝜉(𝑇)
)                                           (2.5)[19]. 
 
Figure 2.2 Ginzburg-Landau coherence length 𝜉 in the case of a superconductor 
placed next to a normal metal. x is the distance from the normal metal to the 
superconductor[19]. 
The Ginzburg-Landau coherence length is an ideal case for superconductors. For 
a more common situation where a superconductor has impurities, the coherence length 
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of the superconductor decreases under the influence of impurity scattering. Pippard[23] 
pointed out that the coherence length of a superconductor in the presence of scattering 
events is related to the electron mean free path l: 
1
𝜉
=
1
𝜉𝑖
+
1
𝑙
                                                         (2.6), 
where 𝜉𝑖 is the coherence length of a superconductor in an ideal case, 𝜉 is the actual 
coherence length of the superconductor in the presence of impurities.  
The second important length scale is the Ginzburg-Landau penetration depth. 
Although a superconductor can expel an external magnetic field up to a finite value, the 
magnetic field can in fact penetrate into the superconductor by a certain depth, as shown 
in Figure 2.3. This is defined as the superconducting penetration depth: λ. For instance, 
if a superconductor with the thickness d (d > λ) is placed in a magnetic field, from the 
surface to the center of the superconductor, the magnetic field decayed exponentially 
to zero by the following equation[19]:  
𝐵𝑧(𝑥) = 𝐵𝑧(0)𝑒
−
𝑥
𝜆                                                  (2.7), 
where Bz(0) is the external field at the surface, Bz(x) is the magnetic field that penetrates 
into the superconductor, and x is the distance into the superconductor from its surface. 
 
Figure 2.3 Illustration of superconducting penetration depth in one dimensional case. 
The x-z plane denotes the superconductor[24].  
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2.1.2 BCS Theory 
Today the much more widely used theory is the BCS theory, provided by J. 
Bardeen, L. Cooper, and R. Schrieffer[25, 26]. The basic idea of the BCS theory is that 
the effective force between two electrons can be attractive rather than repulsive, and 
thus electrons can form into pairs in the superconducting state. This counter-intuitive 
idea arises from the interaction between electrons and the lattice. An electron can give 
momentum away to the lattice in the form of phonons, while another electron can 
absorb the phonon via the lattice. In this way, we can say that the electron interacts with 
another electron by exchanging phonons via the mediation of lattice.  
The interaction can be intuitively understood in the following way. Owing to the 
fact that ions are much heavier than electrons, the elastic relaxation rate of ions are 
slower compared to electrons. Suppose an electron travelling in the lattice interacts with 
the surrounding ions, polarizing the ions in the process. This polarization inevitably 
‘distorts’ the lattice. As electron travels much faster than the elastic relaxation rate of 
lattice distortion, there would be enough time for a second electron to interact with the 
ions, which were polarized by the first electron. In this sense, the two electrons are 
coupled into a pair, which is called the Cooper pair.  
  
Figure 2.4 Electron-electron interactions via phonons[24]. 
In other words, an electron with the wave vector k1 in the crystal lattice can emit 
a phonon described by another wave vector q, and thus its new momentum k1’ is given 
by k1’ = k1 - q. This emitted phonon is then absorbed by a second upcoming electron k2, 
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and the new momentum k2’ is k2’ = k2 + q. It is clear that k1 +k2 = k1’ + k2’
[19]. This 
process is shown in Figure 2.4.  
Electrons obey both the Pauli exclusion and the Coulomb repulsion principle, 
therefore, the force between electrons is a combination under the two. The interaction 
force can be written as: 
𝑉𝑒𝑓𝑓 = |𝑔𝑒𝑓𝑓|
2 1
𝜔2−𝜔𝐷2
                                               (2.8), 
where ω is the frequency of the phonons and ωD is the Debye frequency of the phonons, 
geff is the coupling constant
[19]. This interaction is attractive when ω < ωD.  
As a matter of fact, not all electrons in the superconductor participate in the pairing 
process. This attractive interaction only occurs near the Fermi surface, therefore only 
electrons with the energy close to the Fermi surface contribute to the superconductivity, 
while those far from the Fermi surface do not.  
The difference between superconducting state and normal state (in terms of critical 
temperature, critical magnetic field, or critical current) indicated the existence of an 
energy gap (∆). It is found that when the superconductor is in the normal state, there is 
no energy gap and the density of states (g(ϵ)) is continuous up to the Fermi level; 
however, when the superconductor is in its superconducting state, there is an energy 
gap close to its Fermi level, and the density of states is changed, as shown in Figure 2.5. 
This energy gap can be understood as the minimum amount of energy to break a Cooper 
pair and create excitations. It is temperature dependent: it reaches a maximum when the 
temperature is zero, and is zero when temperature is at Tc, as shown in Figure 2.6. The 
BCS theory accurately gives the value of energy gap for a wide range of 
superconductors at T = 0: 
∆(0) = 1.76𝑘𝐵𝑇𝑐                                                (2.9)
[21], 
and another approximation when the temperature is close to Tc. 
∆(𝑇)
∆(0)
= 1.74(1 −
𝑇
𝑇𝑐
)1/2                                            (2.10)[21].  
12 
 
 
Figure 2.5 The BCS energy gap and density of states. The dashed line denotes the 
normal state, while the solid line denotes the superconducting state. g(ε) stands for the 
density of states and εF for the Fermi energy. The actual energy gap is very small and 
normally of the order of ~ 10-4 eV. The size of the energy gap in this plot is 
exaggerated in order to be clearly seen[19].  
 
Figure2.6 Superconducting energy gap as a function of temperature[19]. 
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Elementary particles can be divided into fermions and bosons according to their 
spin. Spin is a particle’s angular momentum. Particles with integer spins are bosons, 
and those with half-integer spins are fermions. In this sense, electrons are fermions, and 
all fermions follow Pauli Exclusion Principle, which means no two identical fermions 
exist in the same quantum state. On the other hand, Cooper pairs are bosons, which 
means, unlike fermions, there is no limit to the number of Cooper pairs occupying the 
same quantum state. Therefore, all Cooper pairs are in the same quantum states and 
have the same wave function.  
Undoubtedly the BCS theory has contributed very much to our understanding of 
superconductivity. In fact, these earlier theories are not mutually exclusive. It was 
realized by Gor’kov[27] that some part of the Ginzburg-Landau theory is equivalent to 
the BCS theory. For example, the Ginzburg-Landau order parameter 𝜓 is not only 
directly related to the wavefunction for the Cooper pairs, but also directly proportional 
to the gap parameter ∆. Soon with the discovery and synthesis of new superconductors, 
it was found that not all superconductors conform to the traditional superconducting 
theories, and therefore new branches of superconductivity were defined - so-called 
unconventional superconductivity.  
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2.2 Unconventional Superconductivity 
The BCS theory has paved the road for our present understanding of 
superconductivity, which explains well the conventional superconductors like Nb, Al, 
and technological superconductors like NbTi, Nb3Sn, etc. However, for later 
discoveries like the high-temperature superconducting cuprate[28], the heavy-fermion 
compounds[29], the organic superconductors[30], Sr2RuO4
[31], and the pnictide 
superconductors[32], the BCS theory alone is not adequate. These superconductors are 
therefore named as unconventional superconductors.  
Unconventional superconductivity has been studied for more than twenty years, 
and despite many promising results, scientists so far have yet to find a clear origin or a 
satisfactory explanation for unconventional superconductivity. One reason for this is 
that the materials displaying unconventional superconductivity normally have very 
complex composition and complicated structures, which creates many difficulties for 
experimental control or theoretical modelling. Nevertheless, there are several 
characteristics that can help us distinguish a conventional superconductor and an 
unconventional superconductor. Therefore, in this section, we shall go through a very 
brief introduction of unconventional superconductivity. 
We first introduce the concept of parity, which can be associated with the 
symmetry of a system under reflection. In most cases, a system or a fundamental 
particle can be represented by a function, 𝑓 . Under reflection transformation, if 
𝑓(𝑥) = 𝑓(−𝑥), the system is said to have even parity; if 𝑓(𝑥) = −𝑓(−𝑥), the system 
is said to have odd parity.  
Superconducting Cooper pairs are described by the wavefunction 𝜓, which has 
both an orbital part 𝜑 and a spin part 𝜎: 
𝜓 = 𝜑 × 𝜎                                                       (2.11). 
Electrons are fermions. By Fermi statistics, the wavefunction is antisymmetric 
under electron exchange. This means the orbital ( 𝜑) and spin part ( 𝜎)  of the 
wavefunction have opposite exchange symmetries. To be specific, if the orbital part (𝜑) 
is symmetric, i.e. the orbital wavefunction is even parity, then the spin part (𝜎) is 
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antisymmetric. In this case, the angular momentum is an even number: 0, 2, …, 
corresponding to the s-wave, d-wave superconductor. In addition, there is only one state 
in this case and the electrons spins are antiparallel as shown below: 
𝜎 =
1
√2
(|↑↓⟩ − |↓↑⟩)                                             (2.12)[19], 
where ↑ means the electron is spin up and ↓ means spin down. It is hence called the 
spin singlet state and the total spin S = 0.  
If the orbital part (𝜑) is antisymmetric, which means the orbital wavefunction is 
odd parity, then the spin part (𝜎) is symmetric. In this case, the angular momentum is 
odd number: 1, 3, …, corresponding to the p-wave, f-wave superconductor. In addition, 
there are three possible states in this case and the total spin S = 1. This state is thus 
called the spin triplet state. In this state, the electron spins are parallel aligned, which 
means the electrons can both have spins up, or spins down, or in a superposition of spin 
up and spin down state[19] as shown equation 2.13. Table 2.1 is a summary of the 
superconducting pairing states.  
𝜎 = {
|↑↑⟩
|↓↓⟩
1
√2
(|↑↓⟩ + |↓↑⟩)
                                               (2.13)  
Almost all the superconductors known to date, be it conventional or 
unconventional, are spin singlet. For example, the most familiar elemental 
superconductors like Nb are s-wave superconductors, while cuprates are widely 
accepted as d-wave. Spin triplet superconductors are rarely seen. There has always been 
the query searching for spin-triplet superconductivity with the question of how it differs 
from the spin-singlet superconductivity. To date, it is generally agreed that the heavy-
fermion compound UPt3
[33, 34] is a spin-triplet superconductor. Another very promising 
candidate as a triplet superconductor is Sr2RuO4, which will be discussed in Chapter 3 
and the rest of the thesis.  
As mentioned before, the superconducting transition is a phase transition. In fact, 
a phase transition is always accompanied by one or more symmetry breakings. For 
example, as the temperature decreases, the phase of Fe can change from γ-Fe to α-Fe. 
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γ-Fe is a face centered cubic while α-Fe is a body centered cubic[35, 36]. The two phases 
have different symmetry groups defined by translations, rotations and reflection of the 
crystal lattice. Similarly, superconducting transition is also accompanied by 
spontaneous symmetry breaking. As a matter of fact, unconventional superconductors 
undergo more symmetry changes compared to conventional superconductors as the 
temperature goes below Tc 
[19, 37]. This part is beyond the scope of this study and will 
not be discussed.  
 
Orbital angular 
momentum  
Parity of orbital 
wavefunction 
Spin state example 
s-wave  even Singlet Nb, Al, etc 
p-wave  odd Triplet  Sr2RuO4 
d-wave  even Singlet cuprates 
f-wave odd Triplet UPt3 
Table 2.1 Superconducting states and their pairing states[4, 19]. s-wave superconductor 
is the so-called conventional superconductor. 
Apart from that, in conventional superconductors, the non-magnetic scattering has 
little effect on superconductivity[4]. On the other hand, in unconventional 
superconductors, the scattering can totally destroy the superconductivity if the 
superconducting coherence length is longer than the mean free path[19].  
Finally, it should be noted that spin triplet Cooper pairs also exist in some 
superconductor/ferromagnet/superconductor hybrid structures. Before discussing about 
the hybrid structures, it is important to understand the basic physical mechanisms of 
ferromagnetism. Ferromagnetism is the result of electron spin and Pauli exclusion 
principle. When two atoms with unpaired electrons meet, the orbitals of the unpaired 
outer valence electrons would overlap. According to the Pauli exclusion principle, only 
two electrons with opposite spins can occupy the same orbital, while those with parallel 
spins cannot. Therefore, for electrons with parallel spin, they can only occupy different 
orbitals. In this sense, the distance between electrons with parallel spin is bigger than 
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the distance between electrons with antiparallel spin. This means the Coulomb 
repulsion for electrons with parallel spin is smaller compared to electrons with opposite 
spins because they are further apart. Thus the exchange energy, which is the energy due 
to the repulsion between the two electrons is minimized, and electrons with parallel 
spins are more stable[38]. Hence, in ferromagnetic materials, two atoms prefer to have 
their electron spins in parallel direction (e.g. preventing the two electrons to form an 
orbital like in the case of opposite spin, which will result in strong coulomb repulsion 
and instability). 
In relation to superconductor, specifically in spin singlet superconductors, the spin 
of electrons in the Cooper pairs is antiparallel. When a spin singlet superconductor is 
next to a ferromagnet, the spin singlet Cooper pairs decay rapidly inside the 
ferromagnet, with a decay length usually no more than 10 nm[39]. This is because of the 
exchange interaction mentioned above in the ferromagnet, which tends to align electron 
spins parallel to each other and thus break the phase coherence of the spin singlet 
Cooper pairs. In Figure 2.7 as shown by the oscillation curve, the decay length of the 
supercurrent in singlet junctions (Nb/Co/Nb) was simulated to give the decay length of 
approximately 10 nm.  
To achieve a long decay length, spin triplet Cooper pairs (electron spins are parallel 
aligned) have to be generated in the ferromagnet, which do not decay through the 
exchange field[39, 40]. A straightforward approach to achieve this would be a spin triplet 
superconductor/ferromagnet junction[4]. However, no spin triplet superconductor is 
available to date to conduct such research.  
An indirect way would be to generate spin triplet Cooper pairs via some spin 
singlet superconductor/ferromagnet/spin singlet superconductor hybrid structures. In 
order to obtain spin triplet Cooper pairs in those structures, the singlet Cooper pairs in 
the interface next to the superconductor side needs to be exposed to an inhomogeneous 
magnetization on the ferromagnet side[41], or in a variant, spin mixing and magnetic 
disorder at the interface[39, 42]. The details of this mechanism involves non trivial physics 
and will not be discussed in the present work.  
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An example is the Nb/Ho/Co/Ho/Nb structure[43], where Nb is an s-wave 
superconductor, Ho and Co are both ferromagnets. The magnetization of the two Ho 
layers were made non-collinear, so as to provide the necessary magnetization 
inhomoegeneity mentioned above for the spin triplet Cooper pairs. As indicated by the 
blue dots in Figure 2.7, the characteristic voltage of such junctions clearly demonstrates 
a much longer decay length of the supercurrent across the ferromagnet (Co), as 
compared with the Nb/Co/Nb control sample (the oscillation curve). This clearly 
indicates the existence of spin triplet Cooper pairs in the ferromagnet.  
 
Figure 2.7 The decay of the characteristic voltage in Nb/Ho/Co/Ho/Nb junctions as a 
function of the Co thickness at 4.2 K. The oscillation curve is the theoretical fitting of 
the control data of Nb/Co/Nb[43].  
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Chapter 3 An Introduction to 
Sr2RuO4 
In 1958, J. J. Randall and R. Ward synthesized an A2BO4 type new compound – 
Sr2RuO4
[44]. There were not many studies on Sr2RuO4 until after the discovery of high-
Tc superconductors
[28], when scientists were looking for suitable substrates to grow 
high-Tc superconducting films. In 1992, F. Lichtenberg found that Sr2RuO4 is a very 
good substrate due to its high electrical conductivity and good lattice matching with 
high-Tc superconductors
[13, 45]. Due to this finding, Sr2RuO4 gained some attention from 
the superconducting community. The big turning point came in 1994, when Y. Maeno 
measured the resistance of a piece of Sr2RuO4 single crystal and found a clear 
superconducting transition right below 1 K[31]. Since then, many research groups have 
been investigating the superconductivity in Sr2RuO4.  
Back then, most of the attention was focused on its close structural similarity to 
the high-Tc superconducting cuprates
[28]. Being the only copper free layered perovskite 
at that time, Sr2RuO4 seemed to be a perfect example to study the role of copper in the 
cuprates and understand the superconducting mechanism. Very soon after that, 
scientists realized that the superconductivity in Sr2RuO4 is not like that in the cuprates, 
but a different new phenomenon. In 1995, Rice and Sigrist suggested that the spin triplet 
pairing state[46] might be responsible for the superconductivity in Sr2RuO4. Most 
superconductors known to date are spin singlet paired. Spin triplet superconductivity is 
very rare and unusual. This promising aspect of Sr2RuO4 has made it one of the hottest 
topics ever since. At the moment, direct proof that Sr2RuO4 is a spin triplet p-wave 
superconductor has not been seen[1, 5], and there are many ambiguous results[2, 6]. 
However, many experimental and theoretical works have indirectly confirmed that, at 
least, Sr2RuO4 is an unconventional superconductor
[3, 4]. Thus, considerable work has 
to be done in this aspect to gain further understanding of the material.   
In this chapter, a systematic introduction on the progress and the established results 
about the materials science and electronic properties of Sr2RuO4 is presented. 
20 
 
Specifically, section 3.1 describes the normal state of Sr2RuO4, including its crystal 
structure and transport properties. Section 3.2 describes the superconducting state of 
Sr2RuO4, including its sensitivity to defects, and current review of some important 
publications on the discussion of superconducting mechanism of Sr2RuO4. Section 3.3 
introduces the most widely used fabrication methods of Sr2RuO4, including floating 
zone method used to grow single crystals, and pulsed laser deposition to grow thin films. 
Section 3.4 briefly presents another material system related to Sr2RuO4, which is the 
Ru-Sr2RuO4 eutectic system. Section 3.5 discusses the pressure effects on the Tc of 
Sr2RuO4 single crystals.  
3.1 Normal State of Sr2RuO4 
3.1.1 Crystal Structure 
It is important to understand the crystal structure of Sr2RuO4 before going into any 
details of its properties. Sr2RuO4 has a body-centered tetragonal structure with I4/mmm 
space group symmetry[31]. This structure is very similar to that of La2-xBaxCuO4 as 
shown in Figure 3.1(a). Sr2RuO4 is a member of a series of Ruddlesden-Popper phases: 
Srn+1RunO3n+1, where n represents the number of octahedra in one unit cell as shown in 
Figure 3.1(b). Members in the Srn+1RunO3n+1 series share similar crystal structures
[47]. 
Two most widely studied materials are Sr2RuO4 (n=1) and SrRuO3 (n = ∞). However, 
the transport properties of the two are remarkably different. While both materials are 
metallic at room temperature, Sr2RuO4 is superconductor below about 1.5 K, while 
SrRuO3 is ferromagnetic below about 150 K
[48]. The fact that both ferromagnetic and 
superconducting properties are observed within the same Ruddlesden-Popper series is 
one of the reasons for the speculation that triplet parity is possible in Sr2RuO4. At the 
moment, not many studies are conducted on the rest of the members in the 
Srn+1RunO3n+1 series
[49, 50], and their properties are not clear at the moment, so we are 
not going to discuss them here. 
Sr2RuO4 is both structurally and chemically stable. There is little evidence for any 
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structural distortion, and the temperature variation of the lattice parameters are 
comparable with that of YBa2Cu3O7-δ
[45], making it an appropriate substrate for film 
deposition. At room temperature, the in-plane lattice parameter for Sr2RuO4 is about  
a = b = 0.3873 nm, and the out-of-plane parameter c = 1.27323 nm[31]. In addition, 
experiments have proven that no structural phase transition was observed by cooling 
the Sr2RuO4 crystals down to 100 mK, no structural phase transition was detected
[4], 
and the structure remains tetragonal[51]. Furthermore, the Tc of Sr2RuO4 single crystals 
did not change considerably after high-temperature annealing in oxygen with the 
pressure ranges from 10-2 to 102 bar[52]. As will be discussed in this chapter, the Tc of 
Sr2RuO4 is extremely sensitive to disorder. Since little change in Tc after the O2 
annealing process was observed, this suggests there was little change in crystalline 
quality. This implies that the oxygen content in the Sr2RuO4 single crystal must be very 
close to stoichiometry under the oxygen pressure of 10-2 to 102 bar during annealing, 
and the annealing process did not alter the oxygen content in the crystal appreciably[52]. 
Currently there is no report on how the Tc of Sr2RuO4 responses to variations of oxygen 
content in oxygen nonstoichiometric Sr2RuO4. What is known is that Sr2RuO4 bears a 
close structural resemblance to cuprates as previously discussed, and the Tc of cuprates 
has a high dependency on oxygen content[53]. In YBa2Cu3O7-x, for instance, oxygen 
content can alter its crystal structure[54] and the Tc value decreases as oxygen content 
(x) increased from 0 to 0.65[55]. 
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Figure 3.1 (a) The crystal structure of Sr2RuO4 and La2-xBaxCuO4. Ru and O form an 
octahedron with Ru in the center and O in the six apical positions[31]. (b) Crystal 
structures of the Srn+1RunO3n+1 Ruddlesden–Popper homologous series[47]. 
Moreover, no systematic studies have been carried out to examine the tolerance of 
Sr2RuO4 phase stability to variations in the Sr/Ru ratio. Nonetheless, being one part of 
the Srn+1RunO3n+1 Ruddlesden-Popper phases, Sr2RuO4 (n = 1) has the highest Sr/Ru 
ratio compared to the rest of the phases in the series, which is Sr/Ru = 2. For the rest of 
the phases with n > 1, the Sr/Ru ratio decreases from 2 to 1, and Sr/Ru = 1 is from the 
SrRuO3 (n = ∞) phase. In other words, Sr2RuO4 has the highest Sr/Ru ratio while 
SrRuO3 has the lowest Sr/Ru ratio in the series. This means that both SrRuO3 and 
Sr2RuO4 have the most extreme compositions in terms of Sr/Ru ratio. Consequently, 
amongst the Ruddlesden-Popper series, SrRuO3 and Sr2RuO4 should have the highest 
tolerance to non-stoichiometric variations in the Sr/Ru ratio. 
3.1.2 Transport Properties 
In terms of electrical transport properties, there are some differences in the 
temperature dependence of resistivities in both in-plane and out-of-plane direction of 
Sr2RuO4. As shown in Figure 3.2, the in-plane resistivity (ρab) has a metallic behavior 
which shows resistivity decreasing with decreasing temperature. In contrast, the out-of-
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plane resistivity (ρc) is totally different. Its resistivity first goes up as the temperature 
decreases from room temperature. The resistivity peaks at about 130 K, and starts 
decreasing upon further cooling. The difference between the in-plane and out-of-plane 
profiles can be associated with the structure of Sr2RuO4. In a layered material such as 
Sr2RuO4 which consists of SrO and RuO2 layers, the RuO2 is believed to be the major 
conductive layer while SrO is generally insulating[17]. In c-axis oiented Sr2RuO4, both 
SrO and RuO2 layers are alternately stacked along the c plane (out-of-plane). Therefore, 
conductivity in the in-plane direction is much higher because electrons can travel along 
the conductive RuO2 layer, whereas the conductivity in the out-of-plane direction is 
much lower because electrons have to travel between the conductive RuO2 and 
insulating SrO layers[4]. Owing to this fact, it is obvious that the resistivity of Sr2RuO4 
is highly anisotropic, with the ratio between out-of-plane and in-plane resistivity ρc /ρab 
being about 220 at 290 K. This ratio further increases to about 850 at 2 K[31]. This 
resistivity anisotropy of Sr2RuO4 is not unique, but very common among layered 
superconducting materials. For example, in YBa2Cu3O7-x, the ratio of ρc /ρab is about 30 
at 300 K[56]; while for Bi2Sr2.2Ca0.8Cu2O8, the ratio of ρc /ρab is in the magnitude of 105 
at 300 K[57]. 
In addition, at temperatures below 25 K, a quadratic temperature dependency can 
be observed for both in-plane and out-of-plane resistivity. It can be fitted well to the 
equation: ρ = ρ0 + AT2, where A is a constant, and ρ0 is the residual resistivity[58], as 
shown in the inset in Figure 3.2. This quadratic temperature dependency matches a 
theoretical model that at low temperatures the electron-electron interaction is the major 
contributing factor to electrical resistivity[45, 59]. From the inset in Figure 3.2, the 
constant A in equation ρ = ρ0 + AT2 can be calculated. They are 4 x 10-9 Ω*cm/K2 and 
5 x 10-6Ω*cm/K2 for in-plane and out-of-plane resistivity, respectively, which also 
implies a highly anisotropic nature.  
Finally, although both the in-plane and out-of-plane resistivity at temperatures 
above 100 K display linear dependency on temperature, the slopes for the resistivities 
of the two directions are considerably different, with one positive and one negative. The 
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in-plane resistivity has positive slope which represents metallic behavior while the  
out-of-plane resistivity has negative slope which represents insulating behavior, 
consistent with my previous discussion.  
 
 
Figure 3.2 The in-plane and out-of-plane resistivity as a function of temperature for 
Sr2RuO4. The inset shows both the in-plane and out-of-plane resistivity quadratic 
dependency on temperature. The dashed line represents the fitting of ρ = ρ0 + AT2, 
and the solid lines represent the experimental data[58].  
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3.2 Superconducting State of Sr2RuO4 
The discovery of superconductivity in Sr2RuO4 made scientists realize that copper 
is not a prerequisite to achieve superconductivity in layered perovskites. Although 
Sr2RuO4 bears a very close structural resemblance to that of La2-xBaxCuO4, the Tc is 
much lower compared to that of the cuprates. In fact, Sr2RuO4 has a totally different 
superconducting behavior to that of the cuprates. This is explained in the following 
parts.  
When superconductivity in Sr2RuO4 was first discovered, as shown in Figure 3.3, 
the Tc was below 1 K. Now, with more advanced techniques for single crystal 
fabrication to reduce the concentration of impurities and defects, the experimental Tc is 
approaching its theoretical value, 1.5 K[15, 16]. This great progress has therefore enabled 
scientists to carry out many experiments to study the intrinsic superconducting 
parameters of Sr2RuO4. Table 3.1 is a brief summary of the current results on the 
measurements and estimations of several important Sr2RuO4 superconducting 
parameters.  
 
Figure 3.3 Magnetic susceptibility (left) and resistivity measurement (right) of 
Sr2RuO4 single crystals
[31]. 
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Superconducting parameters In-plane Out-of-plane 
Upper critical field (μ0Hc2) 1.5 T 0.075 T 
Lower critical field (μ0Hc1) 1 x 10-3 T 5 x 10-3 T 
Coherence length (𝜉)  660 Å 33 Å 
Penetration depth (λ)  1520 Å 30000 Å 
Table 3.1 In-plane and out-of-plane superconducting parameters of Sr2RuO4 at 0 K. 
High quality Sr2RuO4 single crystals (Tc about 1.49 K) were measured. 
[4, 16, 60-62]. 
Sr2RuO4 is a type II superconductor
[4]. In the table, μ0 is the permeability constant. 
3.2.1 Sensitivity to Impurities and Structural Disorders 
 
Figure 3.4 (a) Resistivity as a function of temperature of three Sr2RuO4 single crystals 
down to 130 mK: a non-superconducting Sr2RuO4, a superconducting Sr2RuO4 with 
Tc lower than 1 K, and a superconducting Sr2RuO4 with Tc about 1.5 K
[15]; (b) Tc 
dependency on the residual resistivity of 12 pieces Sr2RuO4 single crystals
[15].  
A group of Sr2RuO4 single crystals ranging from non-superconducting to 
superconducting with Tc > 1 K were selected and their superconductivity dependency 
on the residual resistivity (ρ0) was studied[15, 63]. In Figure 3.4(a), three Sr2RuO4 single 
crystals with different Tc were studied. As can be seen, the sample with the highest Tc 
and sharpest superconducting transition is the one with smallest residual resistivity. The 
residual resistivity of superconducting Sr2RuO4 is defined as the following: from the 
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superconducting onset transition, as shown in Figure 3.4(a), the resistivity curve can be 
extrapolated to T = 0 K as shown in the red dashed line. The value marked by the red 
dot at 0 K is defined as the residual resistivity for the superconductor.  
In contrast, the non-superconducting sample has the highest residual resistivity, 
while another sample with a much lower Tc and a broad transition has a medium level 
of residual resistivity. Furthermore, a more general rule is shown in Figure 3.4(b), where 
more data were collected. With the increase in residual resistivity, the Tc is reduced and 
even being suppressed.  
The residual resistivity is directly linked to the impurity amount in the sample, and 
the mean free path (l) of Sr2RuO4 can be estimated using the following equation: 
𝑙 =
2𝜋ℏ𝑑
𝑒2𝜌0 ∑ 𝑘𝐹
𝑖
𝑖
                                                   (3.1)[15], 
where ∑ 𝑘𝐹
𝑖
𝑖  is known from the quantum oscillations
[64], and d is the out-of-plane 
interlayer spacing of Sr2RuO4. Of all the data that has been reported, the mean free path 
for the cleanest sample[15] is about 700 nm, while for the incipient superconducting 
sample, the mean free path is about 90 nm, which is close to the value of the Sr2RuO4 
in-plane coherence length of 66 nm[16]. Therefore, it can be concluded that 
superconductivity in Sr2RuO4 is destroyed when the mean free path is close to the 
coherence length[15, 65].  
The elements in the impurities were also studied[15]. It was found that the 
impurities were non-magnetic. Traces of Ba and Ca were found, but Al and Si were 
dominant among the impurities, especially in samples with lower Tc. It was found that 
in superconducting Sr2RuO4 single crystal samples, the maximum amount of Al and Si 
are 50-100 ppm and 100 ppm, respectively. In the purest samples (Tc > 1.3 K), the Al 
or Si is less than 30 ppm[15]. 
Besides impurities, structural defects also affect the superconductivity in Sr2RuO4. 
By controlling the growth conditions, mainly the growth rate, the Tc for different 
batches of Sr2RuO4 single crystals vary a lot, while the impurities can still be 
maintained at low levels[15, 60]. Y. Inoue studied the microstructures of these Sr2RuO4 
single crystals[66]. They found the existence of locally distributed planar defects, which 
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were perpendicular to the a-b planes. Especially in a sample with a much lower Tc 
(about 0.4 K), many such kind of defects were discovered, which were regarded as pair 
breakers for superconducting Sr2RuO4.  
3.2.2 A Possible p-wave Spin Triplet Superconductor 
The question of the superconductivity mechanism in Sr2RuO4 has continued ever 
since its discovery[31]. Early in 1995, Rice and Sigrist[46] made an very intriguing 
theoretical suggestion that the Sr2RuO4 is possibly an unconventional superconductor 
with a triplet pairing[4]. Soon after that, results from many experiments began showing 
up to support this speculation. Firstly, as described above, superconductivity in Sr2RuO4 
is extremely sensitive to defects and impurities to the extent that its Tc can easily be 
suppressed by nonmagnetic impurities[15], which apparently suggested an unusual 
pairing. Secondly, the enhanced electron effective mass measured in Sr2RuO4 suggests 
a strong electron-electron interaction[31]. This is reminiscent of the unconventional 
heavy-fermion superconductors[59]. Apart from the examples listed above, there are 
many more findings that suggested a triplet pairing state for superconducting 
Sr2RuO4
[67, 68]. Promising as these results are, none of them give direct proof of triplet 
superconductivity. 
One of the most definitive measurements to determine the superconducting parity 
is the nuclear magnetic resonance (NMR) technique[46], which identifies the change in 
spin susceptibility of the Cooper pairs[69]. The spin susceptibility is the response of 
electron spin to magnetic field. Is it often used to distinguish between spin singlet and 
spin triplet pairing. For a spin singlet superconductor, the spin susceptibility of the 
superconducting Cooper pair reduces with decreasing temperature and finally 
diminishes to zero at 0 K[1, 69, 70]. Interestingly, in 1998, K. Ishida et al. reported the 
results of 17O in Sr2RuO4 single crystals measured by NMR. The experiment revealed 
that the spin susceptibility remained constant below Tc. This is different from the result 
of the spin singlet superconductors, providing a strong indication that Sr2RuO4 is a spin 
triplet superconductor[1]. Another piece of persuasive evidence comes from the muon 
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spin relaxation (μSR) experiment. μSR is a helpful technique in detecting time reversal 
symmetry broken in superconductors. For all spin singlet superconductors, the time-
reversal symmetry cannot be broken when the superconductor changed from the normal 
state to the superconducting state; while it can be broken below Tc for some spin triplet 
parings[5]. It was detected that below the Tc of Sr2RuO4, the time reversal symmetry was 
broken[5, 71], proving its pairing state as spin triplet.  
However, the results from other experiments especially those involving the 
current-voltage characteristics of the interfaces between Sr2RuO4 and other 
superconductors resulted in some disputes. Since no superconducting Sr2RuO4 thin 
films grown so far can be reproduced or used, only single crystal Sr2RuO4 were used. 
Therefore, the experiments were limited. Moreover, good control of the high quality 
interface is very difficult. Therefore, all the experiments so far do not provide 
conclusive results.  
To name a few, Jin et al[6] were among the earliest groups ever did this kind of 
study. In 1999, they designed a Pb-Sr2RuO4-Pb junction. In this junction, a decrease in 
the critical current (Ic) of the junction below the Tc of Sr2RuO4 was observed. This 
seemed to suggest an unusual paring for Sr2RuO4, as the exclusion between s-wave and 
p-wave order parameter suppressed the critical current of the junction just below the Tc 
of Sr2RuO4. However, their Sr2RuO4 crystals inevitably have the inclusion of Ru, which 
obscured the understanding of the results. In her later work in 2000 in a In/Sr2RuO4 
junction, Jin[2] found the Josephson coupling can only happen in in-plane In/Sr2RuO4 
junctions, not for out-of-plane junctions. This selection indicated that the order 
parameter for Sr2RuO4 could be p-wave, but equally could also be d-wave. Moreover, 
junctions with single crystals made displayed poor reproducibility and hence this could 
not be seen as strong proof. There have been many subsequent experiments. Although 
none of the results contradicted to the spin triplet state of Sr2RuO4, none of them is 
conclusive or can give a solid support due to the above problems. More work in the 
future is needed to unambiguously find the mechanism for superconductivity in 
Sr2RuO4. 
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Recalling the work that scientists have done in the past, the symmetry of the order 
parameter of high Tc superconductors, was only settled after phase-sensitive 
measurements were carried out[72, 73]. In phase-sensitive experiments, the phase rather 
than the amplitude of the superconductor order parameter is determined as a function 
of crystal orientation[74]. This is measured through the Josephson effect[11], which is the 
phenomenon of supercurrent flowing across a weak link normally coupled by two 
superconductors[19].  
Similarly, this idea can also be used in the work of Sr2RuO4
[4]. Although Josephson 
junctions made of Sr2RuO4 single crystal can also be used, the aforementioned 
problems about junction quality would continue to exist and hinder the interpretation 
of the results. Therefore, high quality superconducting Sr2RuO4 in a thin film form is 
preferred, which can facilitate the in-situ device fabrications. A possible phase-sensitive 
device for Sr2RuO4 is shown in Figure 3.5.  
 
Figure 3.5 A schematic drawing of the phase-sensitive device for determining the 
pairing symmetry of Sr2RuO4. A magnetic field is applied along the junction plane
[74]. 
The Josephson current through two Josephson junctions on the opposite faces of a 
spin triplet superconductor would be out-of-phase with one another by 180°, which 
means the intrinsic phase difference of the superconducting order parameter change by 
180° after rotation[74]. In fact, in a device where the s-wave superconductor in Figure 
3.5 was Au0.5In0.5 and Sr2RuO4 single crystal was used
[11], a change of 180° in the 
superconducting order parameter was observed under rotation. This clearly 
demonstrates a p-wave pairing in Sr2RuO4. Nevertheless, reproducibility and quality of 
the junction is still the problem. Therefore, superconducting Sr2RuO4 thin films which 
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can be used in device fabrications are highly sought after.   
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3.3 Fabrication of Sr2RuO4 
No reliable study on Sr2RuO4 can be carried out without the growth of high quality 
Sr2RuO4 samples. Sr2RuO4 single crystals and epitaxial Sr2RuO4 thin films are both 
being investigated. The related techniques are briefly discussed in the following parts.   
3.3.1 Single Crystal Sr2RuO4 
The most commonly used method to grow Sr2RuO4 single crystals is the floating 
zone method. The conventional setup is shown in Figure 3.6. In this process, a melting 
feeding rod is suspended on top of a seed material. The seed material can be either 
polycrystalline or single crystal Sr2RuO4. By moving both the feeding rod and the seed 
material simultaneously, the single crystal grows continuously on the seed material[7, 
45].  
 
Figure 3.6 Photograph of the floating zone melting furnace[45]. 
In this process, the quality of the Sr2RuO4 single crystals depends on a few growth 
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conditions[7]. First is the growth rate, or the moving rate of the two rods. A higher 
growth rate results in serious defects in the sample, whereas a lower growth rate can 
easily lead to Ru deficiency, both of which yield a much lower Tc
[7]. Second is the ratio 
of the starting powders. Due to the fact that RuO2 can easily turn to the volatile gaseous 
RuO4, the growth process gets complicated. The loss of RuO2 results in phase 
segregation and volume shrinkage of the molten materials[13]. Therefore, an excess of 
RuO2 powders is always added in the initial powders in order to compensate for the 
loss. It is crucial how much excess RuO2 is added. An excess of 20% Ru in the feeding 
rods would result in the inclusion of other unwanted phases[7]. Nevertheless, with the 
addition of excess RuO2, the surface of the as-grown crystal still had a rough 
polycrystalline appearance, while the core region has Ru inclusions. Hence, crystals for 
experimental use are chosen from the region between the core and the surface of the 
single crystal rod[13]. In other words, large samples are very difficult to prepare. The 
normal size for a crystal is 80 mm x 4 mm x 3 mm[7]. The photograph of a typical 
Sr2RuO4 single crystal is shown in Figure 3.7.  
 
 
Figure 3.7 Photograph of a Sr2RuO4 single crystal grown by floating-zone method
[7]. 
3.3.2 Thin Film Sr2RuO4 
Growth of epitaxial thin film Sr2RuO4 on lattice-matched substrates is another 
alternative to achieve high quality samples. To date, techniques including both 
molecular-beam epitaxy (MBE)[75] and pulsed laser deposition (PLD) have been 
employed[14, 17, 18, 47, 76-81] to grow Sr2RuO4 thin films. However, results are far from 
satisfactory. For MBE growth, there was only one report on the growth of Sr2RuO4 thin 
films found in the literature[75] where monolayer doses of Sr and Ru were deposited 
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alternatively. However, no transport properties on the films were reported. Therefore, 
the advantages of using MBE to grow Sr2RuO4 thin films remains an open question. It 
is apparent that MBE is a less popular method to grow Sr2RuO4 thin films compared to 
PLD. One of the possible disadvantages of using MBE might be that: in order to achieve 
high quality films on a specific substrate, the atomic layer which is energetically 
preferred for the nucleation of Sr2RuO4 has to be determined. Since this work has yet 
to be done, the usage of MBE is limited.  
Most growth of Sr2RuO4 thin films were carried out by PLD. Currently, epitaxial 
Sr2RuO4 thin films can be achieved, but most of the thin films have a metal-insulating 
transition at low temperatures. Reports of fully metallic Sr2RuO4 thin films growth are 
rare[77]. Prior to this work[76], there has only been one report[14], in 2010, on 
superconductivity in Sr2RuO4 thin films in the literature. To make things clear, the 
pulsed laser deposition parameters and results of the Sr2RuO4 thin films from all the 
publications have been summarized in Table 3.2. The deposition parameters vary a lot 
among different research groups, which indicates a very equipment-dependent growth 
condition of Sr2RuO4 for optimization.  
The reason for the difficulty in growing fully metallic or even superconducting 
Sr2RuO4 thin films is still not clear yet. Given the fact that in single crystal Sr2RuO4, 
superconductivity can be easily destroyed by defects, it is reasonable to associate the 
non-superconducting Sr2RuO4 thin films with high levels of defects. Zurbuchen
[17] 
studied the microscopic structure of Sr2RuO4 thin films and found many planar defects. 
These defects lie along the {011} Sr2RuO4 planes as shown in Figure 3.8(a)
[78] and are 
called out-of-phase boundaries (OPBs). OPBs are common defects in complex 
oxides[82], caused by a fractional misalignment in the c-axis direction between two 
neighboring regions in the crystal[78]. In the Sr2RuO4 thin films as shown in Figure 
3.8(a), the c-axis mis-registry across the OPB is 0.25 nm[78]. The defects either penetrate 
the whole film thickness, or are annihilated where pairs of opposite inclination meet, as 
shown in the schematic drawing in Figure 3.8(b). As a result, the continuity of the RuO2 
layer which is believed to be responsible for the conductivity is disrupted. Furthermore, 
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the distance between those defects are in the same order as the in-plane superconducting 
coherence length of Sr2RuO4. This may explain why reports on superconducting 
Sr2RuO4 thin films are almost non-existent. 
 
Figure 3.8 (a) TEM image of a Sr2RuO4 thin film with the common planar defects, 
some of which are represented by the arrows. The magnitude of the scale bar is equal 
to ξab(0) = 66 nm[17, 78]. (b) Schematic drawing of the OPBs in Sr2RuO4 films; 
diagonal lines represent OPBs. Two OPBs with opposing inclination have annihilated 
each other where they meet, while two OPBs with parallel inclination penetrate 
through the full thickness of the film[78].  
Little is known about the nucleation mechanism of OPBs. A possible mechanism 
associated with the nucleation process was proposed and shown in Figure 3.9. Taking 
the growth of Sr2RuO4 films as an example, two SrO and one RuO2 layers constitute 
the unit cell of Sr2RuO4. Therefore, many possible nucleation sequences of the layers 
can happen on the substrate. For example, on the LaAlO3 substrate shown below, the 
growth of the Sr2RuO4 thin films can either choose SrO-RuO2-SrO or RuO2-SrO-SrO 
ordering[78]. If the two growth sequences both take place on the substrate, when two 
adjacent parts with different growth sequence meet, they will form an OPB. 
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Figure 3.9 Possible OPB nucleation mechanism. The coordination octahedral of the 
ruthenium are shown, with circles representing Sr[78]. 
  
37 
 
Reference Temperature 
(℃) 
Fluence 
(J/cm2) 
Po2 
(mTorr) 
Distance 
(cm) 
Comments 
S. Madhavan et 
al[18]. 
950 – 1050 3 – 4 1 – 2 7.5 metal-insulating between 70 
– 160 K 
D. G. Schlom et 
al[47, 77]. 
1000 2 – 3 0.003 not 
reported 
ρ300 K/ρ 4 K is 10 for the fully 
metallic film, while the 
others had metal-insulating 
transitions below 30 K. 
M. A. Zurbuchen et 
al[17, 78]. 
1000 2.7 0.0008 – 
0.005 
7.5 Only one metallic film (the 
residual resistivity ρab = 32 
μΩ·cm), the others had 
metal-insulating transition 
below 50 K. 
D. Reisinger et 
al[79]. 
950 1.2 20 not 
reported 
not reported 
Y. Krockenberger 
et al[14]. 
920 3 0.4 5 Superconducting, Tc from 
0.9 K (onset) to 0.6 K (zero 
resistivity), ρ300 K/ρ2 K is 82. 
T. Ohnishi et al[80]. 1100 0.43 7.5 not 
reported 
not reported 
Y. Takahashi et 
al[81]. 
1000 2.8 1.3 not 
reported 
Metallic films, ρab = 2.7 
μΩ·cm (2 K). 
J.Cao et al[76]. (my 
earlier work) 
950 1.5 7.5 7.5 Superconducting, Tc onset 
is 1.9 K. 
 
Table 3.2 All the reported growth parameters on c-axis epitaxial Sr2RuO4 thin film 
growth by pulsed laser deposition in the literature. 
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3.4 Sr2RuO4-Ru Eutectic System 
While scientists have been keen on studying the nature of superconductivity in 
Sr2RuO4, another related system was discovered in 1998
[8]. This is the eutectic 
Sr2RuO4-Ru system, which has a much higher Tc at 3 K. Sr2RuO4-Ru system is 
commonly seen in the core region of the Sr2RuO4 single crystal where the Ru content 
is more than 20%, or when the growth speed is fast[8]. Figure 3.10 is an optical 
microscopic photo of the Sr2RuO4-Ru eutectic system. Ru was distributed in the 
Sr2RuO4 matrix in the form of a lamellar pattern. This lamellar pattern is a typical 
eutectic solidification result[83]. The width of the Ru lamellar is about 1 μm, with the 
length and depth both in the range of 1 to 10 μm. The separation between two Ru 
lamellae is of the order of 10 μm[8]. The lattice parameters of Sr2RuO4 are the same for 
regions with or without Ru inclusions[8]. 
 
 
 
Figure. 3.10 Optical microscopy of (1 0 0) surface of the Sr2RuO4-Ru crystal. The 
bright areas are Ru metals and the black matrix is Sr2RuO4
[7]. 
Separately, Sr2RuO4 is superconducting at 1.5 K while Ru is superconducting at 
0.5 K. Interestingly, this Sr2RuO4-Ru eutectic system has a higher onset Tc at about 3 
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K. As shown in Figure 3.11(a) and Figure 3.11(b), Sr2RuO4-Ru eutectic system has very 
broad diamagnetic transition starting at 2.5 K compared to the very sharp transition at 
1.45 K for pure Sr2RuO4. Similarly, the resistivity also undergoes a broad transition for 
Sr2RuO4-Ru eutectic system as shown in Figure 3.11(c). Nevertheless, the resistivity of 
the two systems remain indistinguishable at room temperature.  
 
Figure 3.11 (a) In-phase and (b) Out-of-phase components of the a.c susceptibility, 
and (c) The in-plane resistivity as a function of temperature for both pure Sr2RuO4 
(small, blurry symbols) and the Sr2RuO4-Ru eutectic system (big, dense symbols)
[8]. 
The reason behind this enhanced superconductivity is still not clear at the moment. 
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It was found that the 3 K superconductivity happens near the interface close to the 
Sr2RuO4 part, not in the Ru inclusions. This suggests the enhanced superconductivity 
probably originates in the interface where a major modification of the electronic 
structure can happen[8, 84].  
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3.5 The Effect of Pressure on The Tc of Sr2RuO4 
Single Crystals  
Uniaxial pressure can be a powerful way to control superconductivity as well as 
the electronic structure[85-87]. The electronic states of Sr2RuO4 has been both 
experimentally and theoretically revealed to change drastically with an anisotropic 
distortion[10, 88]. Recalling the 3-K phase mentioned in the previous section, the Tc of 
which is 3 K. One possible reason for the enhancement is that the presence of Ru 
induces anisotropic distortions in Sr2RuO4 and further enhances the Tc significantly
[84, 
89].  
Subsequently the uniaxial pressure effect on the Tc of Sr2RuO4 single crystals has 
been systematically studied. The findings are briefly discussed here. Two Sr2RuO4 
single crystal samples were used for the experiments: one with a zero-strain Tc of 1.35 
K, and the other 1.45 K. Strain has been applied on two different orientations: [1 0 0] 
and [1 1 0]. The results were shown in Figure 3.12(a) and (b), separately[90].   
Tc enhancement was found for the two samples under either [1 0 0] or [1 1 0] strain, 
with different responses, though. It is obvious that in Figure 3.12(a), the response to  
[1 0 0] strain is symmetric, i.e. the enhancement of Tc under tensile and compressive  
[1 0 0] strain is almost of the same magnitude. In comparison, the response to [1 1 0] 
strain is weaker and mainly linear[90]. Tensile [1 1 0] strain enhances the Tc value more 
than compressive [1 1 0] strain. The reason for the different Tc enhancement response 
to [1 0 0] and [1 1 0] strain might be rooted in the nature of the symmetry of the 
superconductivity in Sr2RuO4
[90], which is yet to be answered.  
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Figure 3.12 (a) Tc dependency on the [1 0 0] oriented strain. ε > 0 indicates 
tension. Tc was measured using a.c. susceptibility and was taken at the 50% point of 
χ’. The black lines are the 20 and 80% points, giving a measure of the transition 
width. The error bar on the horizontal axis indicates the error in locating zero strain. 
(b) Tc dependency on [1 1 0] strain for two further samples cut from the same crystals 
as in (a)[90]. 
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Chapter 4 Thin Film Growth 
As its name suggests, a thin film is normally a very thin layer of material with 
thickness typically ranging from a few nanometers to micrometers coated on a substrate. 
During thin film growth, a good control of film microstructure, surface and interface as 
well as thickness no doubt plays a vital role in today’s electronic devices and basic 
scientific studies. This chapter introduces the basic principles about film growth and 
thin film deposition techniques. Section 4.1 introduces the three growth modes of thin 
films. Section 4.2 explains related information about epitaxial film growth. Section 4.3 
is a systematic study of pulsed laser deposition.  
4.1 Thin Film Growth Mode 
 
 
Figure 4.1 Atomic process during thin film growth[91]. 
During thin film growth, the substrate is exposed to the impinging vapor of species 
and is covered with highly mobile atoms. As illustrated in Figure 4.1, the adatoms can 
be adsorbed and diffuse on the surface, encounter other adatoms or clusters to form 
either mobile or stationary clusters, get detached from a cluster and remain on the 
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substrate surface or get re-evaporated[91]. As more clusters nucleate, they would grow 
and coalescence into either 2D or 3D nuclei. Subsequently the thin film continue to 
grow to the full thickness.  
Thin film growth is conventionally categorized into three modes: Frank van der 
Merwe (layer by layer or 2D) growth, Volmer-Weber (island growth or 3D) growth, and 
Stranski-Krastanov (mixed growth) growth. The three growth modes are schematically 
shown in Figure 4.2[91, 92]. The following is a brief discussion of the three modes from 
the thermodynamic and kinetic point of view.  
 
Figure 4.2 Schematics of three thin film growth modes[92]. 
Thermodynamic Factors 
In Frank van der Merwe mode, atoms are more strongly bound to the substrate 
than to each other, and they are deposited onto substrate in a layer by layer mode. 
Therefore, epitaxial thin films (which will be discussed in section 4.2) grown in this 
mode usually have very smooth surface. The total surface energy has to satisfy the 
following equation: 
𝛾𝐼 + 𝛾𝐹 ≤ 𝛾𝑆                                                      (4.1), 
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where γI, γF ,and γS are the surface energies of the interface, film and substrate, 
respectively[92].  
In Volmer-Weber growth mode, atoms are more strongly bound to each other than 
to the substrate, and atoms form island or clusters. Therefore, the surface of the epitaxial 
thin film normally is rough. In this mode, the following equation needs to be satisfied: 
𝛾𝐼 + 𝛾𝐹 > 𝛾𝑆                                                      (4.2). 
Stranski-Krastanov growth mode often happens for films having very large lattice 
mismatch with substrate. The first several atomic layers are deposited as monolayers 
but the subsequent atoms tend to form islands after that. The change from monolayer 
to island growth usually happens when strain increases after the formation of the first 
few monolayers due to lattice mismatch. Therefore, this growth mode is a result from 
lattice mismatch and accumulation of strain energy as the thickness increases. This will 
be discussed in more details in Section 4.2 about the mechanism of strain relaxation. 
In fact, thin film growth depends not only on thermodynamic factors. Rather, it is 
affected by both thermodynamic and kinetic factors[92], which is briefly introduced in 
the following part. 
Kinetic Factors 
As illustrated in Figure 4.1, film growth kinetics includes the adsorption 
(deposition on substrate or island cluster), diffusion, desorption (re-evaporation from 
substrate or island cluster), as well as dissociation of the island cluster itself due to 
secondary bombardment. These kinetic factors can be characterized by different 
activation energies. For example, the diffusion process is closely associated with the 
diffusion activation energy via the diffusion coefficient (D). This can be understood 
using the following equation: 
𝐷 ∝ 𝑒𝑥𝑝 (−𝐸𝑎𝑐𝑡/𝑘𝑇)                                               (4.3), 
where k is the Boltzmann’s constant, T is the substrate temperature, and Eact is the 
activation energy for diffusion, which is a function of the species (e.g. mass, size). It is 
obvious that adatoms with low activation energy have high diffusion coefficient, which 
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are more likely to diffuse and coalesce into an existing island rather than nucleating 
another new island. This results in a lower overall island density. Therefore, the island 
density is related to the adatom diffusion process. The higher the diffusion coefficient, 
the lower the island density[93].  
 
 
Figure 4.3 A schematic drawing of the Terrace-Ledge-Kink (TLK) model[92].  
 
Film growth usually takes place at active sites, such as crystal defects, atomic steps 
or impurities by surface diffusion or direct vapor impingement[91], as shown in Figure 
4.3. Two very important kinetic aspects affect the growth process - they are the 
deposition rate and substrate temperature. At low deposition rates, the majority of 
arriving species have enough time to diffuse along the terrace to the step edges (ledges 
and kink) and get attached there, resulting in the steady advances of the film layers 
along the terrace. In addition, some terrace vacancy defects can also be filled, creating 
a highly dense and high quality film. Similarly, high substrate temperatures result in 
high diffusion coefficient, as can be understood from equation (4.3). This means the 
adatoms are more mobile and the diffusion length increases at high temperatures, which 
reduces the island density and fosters the layer by layer growth. Thus, sufficiently low 
deposition rate and sufficiently high temperature are kinetically necessary for Frank 
van der Merwe growth to take place, and epitaxial films are more likely to happen under 
this condition. On the other hand, excessive deposition rate or low substrate temperature 
results in Volmer-Weber mode, which increases defects and decreases film epitaxial 
quality.  
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4.2 Epitaxial Films 
Epitaxy can be defined as the transfer of crystallographic order of the substrate to 
that of the film via a certain degree of lattice matching. When thin films are deposited 
on single crystal substrates, the surface energy is minimized by maximizing the density 
of bonds (of appropriate length and angle) to merge the symmetries of the substrate and 
film. Therefore, it is energetically more favorable for the film to align itself 
crystallographically with the substrate in order to match the substrates’ bonding 
symmetry and periodicity, which, to put it another way, is to grow epitaxially.  
There are two basic forms of epitaxy, and the simplest one is homoepitaxy. In this 
scenario, both the composition and the structure of the thin film and the substrate are 
identical. In this case, the interface surface energy (γI) would be zero, and γF = γS, which 
satisfy equation (4.1). If the growth condition is optimum, Frank van der Merwe mode 
always applies regardless of the film thickness. The second form of epitaxy is 
heteroepitaxy, which is the growth of a material on a substrate with different 
composition. The film’s preferred orientation is decided by the one that can minimize 
the energy of the system[91]. As the unit cell parameters between the film material and 
the substrate are usually different, there is a lattice mismatch:  
𝑓 =
𝑎𝑠−𝑎𝑓
𝑎𝑓
                                                        (4.4), 
where af is the lattice parameter of the film, and as is that of the substrate. A positive 
value of f means that the earlier several layers of the epitaxial film is in tension, and a 
negative value of f indicates that the film is under compression. Epitaxial growth 
usually happens when the lattice parameters and symmetry between the film and 
substrate are closely matched. In this case, this growth mode is favored strongly for low 
misfits (i.e. low γI), in the presence of strong bonding between the film and the substrate, 
which implies low interfacial energy, low film surface energy and high substrate surface 
energy.  
There are three epitaxial regimes depending on the extent of lattice mismatch. 
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Firstly, if there is little or zero lattice mismatch as in the case of homoepitaxy, there is 
no lattice strain and the film and substrate are perfectly matched. This is shown in 
Figure 4.4(a). Therefore, small lattice mismatch is highly desired.  
Secondly, if the lattice parameters differs considerably between substrate and film, 
there is a biaxial strain (ε) due to lattice mismatch (f), thus it gives rise to an elastic 
energy (Ee). This grows as the film thickness (d) increases, as shown in equation (4.5)
[92]: 
𝐸𝑒 = 𝑌𝑑𝜀
2/(1 − 𝜗)                                                 (4.5), 
where Y is the Young’s modulus (assuming film and substrate have the same Y), υ is 
the Poisson’s ratio. If the film is very thin, it can be elastically strained to the substrate 
so that the thin layer and substrate have the same interatomic spacing. This is called a 
coherent film and is illustrated in Figure 4.4(b). 
Last but not least, once the film thickness exceeds the critical film thickness (dc), 
the total elastic strain energy would be more than the energy associated with a relaxed 
film which has some dislocations. Therefore, dislocations start to form to relieve the 
elastic strain, as shown in equation (4.6)[92].  
𝜀 = 𝑓 − 𝑏/𝑆                                                       (4.6), 
where S is proportional to the number of misfit dislocations, and b is the Burger’s vector. 
The Burger’s vector of a dislocation quantifies the difference between the distorted 
lattice around the dislocation and the perfect lattice. These dislocations are located at 
or near the film-substrate interface as shown in Figure 4.4(c). As a result, the film 
becomes relaxed. 
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Figure 4.4 The schematic illustration of film and substrate matching: (a) lattice-
matched, which is also the case in homoepitaxy, (b) film is strained, and (c) film is 
relaxed[92]. 
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4.3 Pulsed Laser Deposition 
Thin film growth techniques can be broadly categorized into two areas, namely 
chemical vapor deposition (CVD) and physical vapor deposition (PVD). As the name 
suggests, CVD usually involves the chemical reactions among different gaseous 
precursors near or on the hot object surface[94]. On the other hand, PVD is usually the 
process that involves the material transfer from its solid state to gaseous state and then 
back to its solid state.  
Within the category of PVD, there are also many different techniques, such as 
pulsed laser deposition (PLD), sputtering, molecular beam epitaxy (MBE), electron 
beam evaporation. While each technique has its own distinct advantages, there are 
several key factors which can generally be used to determine which deposition 
technique to choose: (1) the depositing material, (2) requirements on film crystallinity 
and stoichiometry; and (3) deposition rates[95]. Generally speaking, sputtering is more 
suitable for the growth of metals and nitrides. In terms of scalability, sputtering can be 
used to uniformly grow very large area with high growth rate. PLD is widely applied 
to grow oxide films with relatively high growth rate compared to MBE, which has a 
slow deposition rate[96].  
With careful control and under optimized conditions, PLD is very versatile to 
prepare many other kinds of thin films, including complex oxides, polymers[96] like the 
Teflon films[97], biomaterials like the calcium phosphate bioceramic coatings[98], 
superlattices like the BaTiO3/SrTiO3 system
[99], superconducting electronic devices[95]. 
It is popular mainly due to (1) simple set-up in terms of pumping and gas-flow systems; 
(2) stoichiometric deposition of films with multi-components under optimized 
conditions; (3) fine control of thin film deposition in terms of film surface and 
crystallinity; (4) ease of integration with other equipment like reflection high-energy 
electron diffraction (RHEED) and x-ray photoelectron spectroscopy (XPS), etc[96].  
Thin film deposition using PLD happens in a vacuum chamber with or without 
background gas. It involves a high power pulsed laser as an energy source, which gets 
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focused by a set of optics and enters the deposition chamber. During deposition, a 
rotating target is radiated by the laser and the material components get vaporized in the 
form of a high energy directional plasma plume. Upon arrival at the substrate, which is 
usually a single crystal, the forward-directed plume gets condensed and therefore a thin 
film grows. Figure 4.5 is an illustration of a PLD chamber. The quality in terms of 
crystallinity, uniformity, and stoichiometry and the growth rate of the thin film depends 
on a lot of deposition parameters. There are several parameters which can be 
independently controlled in PLD, as discussed in the following sections. 
 
 
 
Figure 4.5 A schematic drawing of the PLD chamber.  
Laser  
A laser is the power source during pulsed laser deposition. The most useful range 
of laser wavelengths for PLD falls between 200 nm and 400 nm. This is due to the fact 
that most materials used for deposition have strong absorption at that range. As the laser 
wavelength gets shorter in that range, the penetration depths into the target materials 
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are correspondingly reduced. Therefore it is more favorable to use short laser 
wavelength to ablate thin layers of the target materials [96]. In this research, a KrF laser 
with the wavelength of 248 nm was used. 
Gas Pressure 
Many thin film depositions require a reactive gas atmosphere, for example, oxide 
thin film depositions usually require an oxidizing environment (normally oxygen) to 
form and stabilize the desired phase. For species with high vapor pressures, a high 
oxygen pressure is needed to maintain the stoichiometry of the film. For example, in 
the deposition of ZnGa2O4 thin films, Zn has a higher vapor pressure compared to that 
of Ga. Therefore, a significant Zn deficiency was observed in the film deposited at low 
oxygen pressures. By increasing the oxygen pressure, the Zn loss was compensated[100]. 
Similarly, for BiFeO3, excessive substrate temperature was known to result in Bi-
deficient film and formation of secondary phases. This is due to the highly volatile 
nature of Bi[101]. 
Apart from being a reactant, the background gas attenuates and thermalizes the 
plume during deposition. Therefore, the amount of gas or gas pressures have a great 
influence on the plume. For example, as the background pressure gets higher, the 
collisions among all species gets intensified, and the plume propagation velocity 
gradually decreases. In this regard, the plume spatial distribution, deposition rate and 
the kinetic energy distribution of the depositing species can be altered by altering 
background pressure[95, 96]. This in turn affects the manner at which the deposition 
species arrives at the substrate, resulting in different film qualities[102] Specifically, at 
extremely low oxygen pressures, the plume essentially expands rapidly to a wide angle 
of directions upon ejection from target, and thus the amount of plume species reaching 
the substrate may be reduced. On one hand this can result in low deposition rate and 
thinner films. On the other hand, this would cause off-stoichiometry in the density of 
various species on the substrate surface, leading to defects in the film[96]. At 
intermediate pressure, laser plumes are normally more directed along the target to 
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substrate direction. Consequently, the arriving atomic species carries some amount of 
kinetic energy which can result in enhanced diffusivity of the adatoms on the surface 
and therefore form a layer by layer growth. However, at very high pressures, the 
velocities of various species in the plume are reduced due to collisions and scatterings. 
Thus, the deposition rate would be very low and even the surface activation of the 
species may not be possible. Therefore, an optimal gas pressure is necessary to achieve 
the uniform velocity distribution of various species, leading to a reduction in the defect 
density in the film[103].  
Target to Substrate Distance 
In PLD, the plume has a spatial distribution and the atomic species are non-
uniformly distributed within the ablation plume due to its highly forward-directed 
nature. Therefore, the energy and stoichiometry of the arriving species vary across the 
distance from the target to substrate. Near the target, the velocities of the different 
species in the plume are very high, gradually slowing down as the plume travels from 
target towards substrate due to collisions and scatterings with the background gas. 
Therefore, if the substrate is too close to the target, the film can be damaged by the 
bombardment of these energetic species, which is also called re-sputtering[104]. On the 
other hand, at a relatively long target to substrate distance, the particle flux of the 
ablated species in the plume over the substrate area decreases. This lowers the 
deposition rate and hence the film thickness[105]. In addition, if the distance is too far, 
the surface activation may not be available by moderately energetic ions and atoms, or 
it may be even worse that some species in the plume may be scattered off before 
reaching the substrate[106]. Apart from that, over a long target to substrate distance, there 
could be preferential scattering of lighter atoms or atomic species which can result in 
off-stoichiometry in the film. For example, in the growth of SrTiO3 thin films, the 
atomic mass of Ti is lighter than that of Sr. It has been demonstrated that a long target 
to substrate distance can result in Sr-rich composition, whereas a short distance results 
in Ti-rich composition[107]. Therefore, the film composition is greatly affected by target-
54 
 
substrate distance and an optimal distance is required for deposition of the right phase 
to occur. 
Aside from target to substrate distance alone, other deposition parameters can have 
the same effect as target to substrate distance, therefore creating an inter dependency of 
these parameters. In fact, the gas pressure (P) and target to substrate distance (D) are 
not independent. They follow an experimental law[104, 108]: 
𝑃 × 𝐷𝑟 = 𝐶                                                    (4.7)[109], 
where r is positive and material dependent, and C is a constant which is both material 
and deposition system dependent[104]. 
Deposition Temperature 
The effects of substrate temperature on the film growth have been well studied, 
and there are a large number of references in the literature[95]. Generally speaking, most 
perovskite thin films can be epitaxially grown at a processing temperature higher than 
750 °C. For instance, highly epitaxial BSTO (BaxSr1-xTiO3) thin films can be achieved 
at a deposition temperature of 750 – 850 °C with excellent physical properties and 
epitaxy[95]. In theory, a high processing temperature will benefit the epitaxial growth of 
such oxide thin films. However, a much too high temperature will cause the inter-
diffusion reaction at the interface between the film and substrate or substrate surface 
reconstruction that strongly alters the physical properties of the as-grown films[95].  
In general, the deposition temperature can affect the film growth mainly via two 
major factors. For complex oxides, if one of the cation species has a high vapor pressure, 
it may easily evaporate at high temperatures. Therefore, a stoichiometric growth cannot 
be realized and the film would have a deficiency of this species. In this way, the 
deposition temperature is closely related to the gas pressure. Increasing the deposition 
temperature has similar effect on the film stoichiometry as decreasing the gas pressure. 
Take the example of the deposition of ZnGa2O4 again
[100], at elevated temperatures, due 
to the high vapor pressure of Zn compared to that of Ga, the film exhibit a significant 
of Zn loss.  
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In addition, the surface mobility of the atoms or ions is associated with the 
substrate temperature. Normally, films grown at room temperature are amorphous or 
polycrystalline. Under high growth temperatures, small crystallites can diffuse more 
freely to form a more ordered structure and also less porosity, thus leading to an 
improvement in the film crystallinity[110]. As mentioned in the previous section, film 
growth mode can be affected by the temperature. Especially for the layer by layer 
growth mode, which can facilitate the high quality film, a high temperature is necessary. 
This, in turn, affects the film quality.  
Laser Fluence 
The energy absorbed by a single atom should be above a threshold, such that the 
energy from the laser pulse exceeds the binding energy of the target atoms, resulting in 
target ablation. This energy per unit area is defined as the laser fluence or laser energy 
density. The area is dependent on the laser spot size on the target. Laser fluence is one 
of the most important parameters during thin film depositions which affects the 
chemical composition of the plume and thus controls the stoichiometry and 
crystallographic quality of the final film. However, excessive laser fluence would 
generate many particulates. They are big clusters with diameters ranging from 0.1 to 10 
μm, which can detrimentally affect the film properties[96]. In addition, a high laser 
fluence would result in strong momentum for the species which can bombard the 
existing film on the substrate, leading to damage. On the other hand, low fluence 
generally results in non-stoichiometry. Usually the deposited films exhibit a lack of 
light (atomic mass) atoms due to the higher tendency to be scattered[95]. For example, 
in the study of Y/Ba ratio of YBa2Cu3O7-x thin films, where Y is lighter than Ba, the 
stoichiometry in the film was greatly influenced by the laser fluence. Films deposited 
with laser fluence below 0.4 J/cm2 were Y-deficient and the Y/Ba ratio was less than 
1:2. On the other hand, this was compensated in films grown with a high laser 
fluence[111]. Therefore, the laser energy density should be carefully controlled 
depending on the material used for deposition. 
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Laser Frequency 
Compared to a continuous laser, a pulsed laser can avoid over-heating the optics 
and the target. Therefore, risks associated with high energy laser can be reduced. The 
laser frequency during deposition can be adjusted according to different requirements 
of the materials. As different atomic species have different diffusion times on a heated 
substrate, the laser frequency mainly affects the phase formation and film quality. A 
very low laser frequency results in excessive time delay between deposition pulses, 
which in turn results in unwanted “annealing” of the film that may affect its 
stoichiometry due to the loss of volatile element in the film. On the other hand, a very 
high laser frequency may leave less time for the ions and atoms to settle and re-arrange, 
resulting in poor crystallinity, secondary phases or phase inhomogeneity[95].  
It was shown that in the deposition of Pb1− xLax(Zr1− yTiy)1− x/4O3 thin films, by 
increasing the laser frequency to 15 Hz, the unwanted secondary phase (the rutile phase 
of TiO2) appeared. Under such a high frequency, the species on the substrate had no 
time to transform to the perovskite phase. Therefore, clusters accumulated in an 
amorphous form and the Pb2+ ions were lost by re-evaporation[112]. 
Target 
During deposition, the target is normally rotated in order to achieve uniform target 
consumption. After several depositions, it is necessary to polish the surface of the target 
because the composition of the ablated area can be totally different from the initial 
stoichiometry. The target conditions can have a great influence on film growth, 
including film epitaxy, phase constitutions, deposition rate, and particulate. It is very 
important to have high density and high homogeneity target, which helps reduce the 
formation of particulates during ablation[95].  
Substrate 
In thin film growth, the condition of the substrate can greatly affect the film 
properties. Impurities on the substrate surface would act as an agglomeration source of 
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the upcoming atoms during deposition, and this can give rise to unwanted islands in the 
film. Thus, substrates should be very clean before being mounted in the chamber.  
For a perfect substrate, nucleation happens heterogeneously on the substrate 
surface. However, most of the time there are defects on the surface of substrate like 
atomic steps and dislocation intersections either due to mechanical cleavage or poor 
crystal quality. These defects will of no doubt offer low energy sites and thus are 
preferable for nucleation. 
For more delicate purposes, substrates with single termination or a deliberate mis-
cut (often called vicinal substrates) are often selected. Figure 4.6 is an example of the 
film growth on a vicinal substrate. During film growth, adatoms would nucleate at the 
atomic steps, and propagate towards the step edge with a smooth front, then the steps 
would move along the substrate surface. In this way, thin film thickness is grown step 
by step, or rather, layer by layer, thus achieving high quality growth of thin films. This 
is called the step-flow growth of thin films[113].  
 
Figure 4.6 Thin film step flow on vicinal substrate[114]. 
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Chapter 5 Characterization 
Techniques 
This research involved characterization techniques such as x-ray diffraction 
(XRD), low angle x-ray reflectometry (XRR), low temperature electrical measurements, 
and atomic force microscopy (AFM) measurements. XRD was mainly used to identify 
the phase and crystal orientation of the thin film. XRR was used for film thickness 
calculation. Low temperature electrical measurements were mainly used to measure 
resistance as a function of temperature with or without applied magnetic field. AFM 
was used to check the topography of the film surface. These techniques are briefly 
discussed in the following. Section 5.1 discusses the fundamentals of XRD technique, 
including several heavily used scan modes in this research: θ-2θ scans, ω scans, phi 
scans, reciprocal space map (RSM). Section 5.2 discusses the low angle reflectometry 
(XRR) and high angle fringes to measure film thickness. Section 5.3 explains the 
resistivity measurement and the helium cooling principle, using both a dewar and a 
helium-3 probe in the minicryofree system. Section 5.4 is an introduction to the AFM. 
5.1 XRD 
It is a very powerful and non-destructive tool in material analysis. XRD is widely 
used in phase identification, crystal orientation or epitaxy determination, film thickness 
calculation, structural analysis, and strain analysis. x-rays are short wavelength 
electromagnetic radiations that are usually in the range between 0.05 – 0.25 nm[115]. In 
most cases, the wavelength is fixed and the most commonly used source is Cu Kα, with 
the wavelength 0.15418 nm.  
In a crystal lattice, atoms are regularly distributed with long-range order. The 
interatomic distances are of comparable magnitude to the wavelength of x-rays. In this 
sense, atomic lattices are analogous to the diffraction gratings for x-rays. When the 
incident beam is coherently scattered by the atoms, there will be concerted constructive 
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interference at some specific angles. This corresponds to the diffraction peaks observed 
in an XRD pattern, while the background noise is from the incoherent interference. 
Generally speaking, the XRD pattern is a plot of diffraction intensity over a range of 
angles. The scan angle depends on the scanning mode, which is 2θ in a 2θ-ω scan, or 
ω in an ω scan. The peak intensity is mainly related to the structure of the material, the 
orientation, and instrumental parameters.  
The x-ray diffraction process in a perfect crystal is demonstrated in Figure 5.1. 
Atoms in the crystal are located on the parallel planes labeled as A, B, C, etc, with the 
inter-planar spacing of d. The incident x-ray is monochromatic with wavelength λ. The 
incident angle is θ, which is defined as the Bragg angle. Incident beam 1 is diffracted 
by the atom to beam 1’, and same occurs for other parallel beams. 
For diffraction to occur, an essential condition must be fulfilled. Take beam 1 and 
2 for example, in order for the diffracted beam 1’ and 2’ to have constructive 
interference, the differences in the x-ray path distance must be nλ, where n is an integer. 
The difference in the x-ray path length is simply 2𝑑𝑠𝑖𝑛𝜃. Therefore, this essential 
condition can be written as:  
2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                      (5.1). 
This equation is also called Bragg’s equation.  
 
 
Figure 5.1 Diffraction of x-rays by a crystal[115]. 
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In this research, XRD were performed on equipment in the department of 
Materials Science and Metallurgy, Cambridge. The phase identification of the PLD 
target was carried out on P4 Philips diffractometer. The analysis of epitaxial thin films 
was carried out on P1 with a four-circle Panalytical Empyrean vertical diffractometer. 
P4 and P1 are the local names for the two different diffractometer in the department. 
The commonly used XRD modes are 2θ-ω scans, ω scans or rocking curves, phi scans, 
reciprocal space maps (RSM). They are briefly described in the following parts.  
θ-2θ Scans 
The working principle of this scan mode is demonstrated in Figure 5.2, where ω 
is the incident angle, 2θ is the angle between detector and the x-ray source, s is the 
diffraction vector which bisects the incident beam and the diffracted beam. In this mode, 
ω is set to follow the value of θ, with a small offset which is used to align the diffraction 
vector to be parallel with the crystal plane normal. 
 
Figure 5.2 A schematic drawing of the θ-2θ scans. 
This is the measurement of diffraction intensity as a function of 2θ. According to 
the Bragg equation, the peak position in the plot is related to the d-spacing. It contains 
information on the lattice parameter, which can be influenced by compositional change 
or strain. In the case of symmetric scans, where the crystal plane normal is parallel to 
the sample surface normal and θ = ω, like the (0 0 l) plane in my research, the d-spacing 
is reflecting the c-axis value of the film. Therefore, the out-of-plane strain of the film 
can be easily estimated; the phase of the film can be worked out by comparing the peak 
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positions to those in the reference; the film orientation can also be determined by the 
appearance of (0 0 l) family peaks; even the fringes in the vicinity of high intensity 
peaks can be used to calculate the film thickness, all these analysis will be discussed 
later. 
In this research, this working mode is primarily used in phase identification. A 
phase is a specific set of chemical and atomic arrangement, and each phase has a unique 
diffracted pattern. If the material under investigation consists of more than two different 
phases, the diffracted pattern is just a simple sum of the component phases. The relative 
intensity of diffracted peaks and their positions can be used to match with the reference 
patterns so that the phase can be determined. Miller indices (h k l) were used to identify 
different planes and orientations. 
Under ideal conditions in this mode, a single crystal only have one family of 
diffraction peaks displayed in the diffraction pattern, corresponding to (h k l) planes 
parallel with sample surface. For a polycrystalline sample, there are a large number of 
crystallites with random orientations. Therefore, all possible diffraction peaks can be 
observed, albeit some with low intensity. 
ω Scan 
 
Figure 5.3 A schematic drawing of the ω scans. 
ω scan is a plot of intensity as a function of. ω, which is also called rocking curve. 
In this mode, the sample is being rocked in a small range, while the x-ray tube and 
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detector are fixed as shown in Figure 5.3 (this is the case with the equipment used in 
this research), or the sample is being fixed while the x-ray tube and detector both move 
by the same angle to make sure 2θ is constant. Ideally, a well aligned (oriented) crystal 
has a very sharp rocking curve with a small full-width at half-maximum (FWHM) value, 
regardless of the broadening from the instrument. However, in real cases, there are 
always factors like dislocations, mosaicity (which is caused by mis-orientations of 
different crystals), curvature and inhomogeneity. These defects cause disruptions in the 
originally parallel atomic planes, and thus resulting in the broadening of the rocking 
curve.  
Phi Scans 
For thin film analysis, phi (Φ) scans are usually used to measure the in-plane 
orientation of the thin film with respect to the substrate. Phi scan is usually for 
asymmetric scans, where ω is not equal to θ. As shown in Figure 5.4, this is done by 
rotating the sample around the sample normal (sweeping the Φ angles) while measuring 
the intensity of a specific planar orientation, with other parameters such as ω, 2θ, and 
ψ (chi) being constant (ψ is illustrated in Figure 5.4).  
 
 
Figure 5.4 A schematic drawing of the Φ scans.  
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The results of phi scan can be analyzed to determine the symmetry of the 
crystalline phase in the film and substrate. For instance, in a tetragonal single crystal 
with tetrad axis parallel to the sample normal, as is the case in this work, the phi scans 
for inclined planes such as {103} planes will have four peaks when rotated through 
360°, corresponding to reflections from (1 0 3), (1
_
 0 3), (0 1 3), and (0 1
_
 3).  
Reciprocal Space Map 
An reciprocal space map (RSM) consists of many sets of θ-2θ scans, each 
measured at a different ω offset. It offers a rather comprehensive structural information 
about a material and is frequently used in strain analysis. The map is usually presented 
as a contour map, and two different sets of axes can be used to present the data. As 
shown in Figure 5.5, they are the diffractometer axes (2θ and ω) and the reciprocal 
space axes (Qx and Qz).  
 
Figure 5.5 Reciprocal space map based on (a) diffractometer axes and (b) reciprocal 
space axes. Data extracted from Mary Vickers’ lecture notes[116].  
To enable easy calculation of lattice parameter, the reciprocal space map is usually 
plotted in Qx and Qz, which is essentially the inverse lattice spacing in the x and z 
direction of the diffracted plane, respectively. In reciprocal space, each point represents 
a set of (h k l) planes. By comparing the two points whether they lie parallel on the Qx 
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axis, we can tell whether the film is coherently strained in-plane with respect to the 
substrate. For example, if the peaks from two reciprocal peaks of film and substrate lie 
parallel to each other, with the same Qx, as shown in Figure 5.5(b), it means that the in-
plane spacing between the planes observed in both film and substrate peaks is the same. 
This consequently means that the film is fully strained in-plane by the substrate. 
Moreover, the lattice parameters of both the film and substrate can be calculated based 
on their peak position in Figure 5.5(b). Therefore, it is more convenient to use the 
reciprocal space axes to present the map.  
The reciprocal space axes can be converted from the diffractometer axes using the 
following equations[115]: 
𝑄𝑥 =
𝑐𝑜𝑠𝜛−cos (2𝜃−𝜛)
𝜆
                                                (5.2), 
𝑄𝑧 =
𝑠𝑖𝑛𝜛+sin (2𝜃−𝜛)
𝜆
                                                (5.3). 
Apart from strain and lattice parameter analysis, the RSM indicates the crystalline 
quality of the observed phase as well. For example, a sharp peak indicates high quality 
film.  
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5.2 Low Angle Reflectivity and High Angle Fringes  
Low angle reflectivity (XRR) is most commonly used to measure film thickness, 
surface roughness and the density of the topmost layer. It records the intensity of the x-
ray beam reflected by a sample at grazing angles. The operation mode is θ-2θ mode as 
disccused in the XRD section. The typical range for measuremtns is 0 - 5° in θ. The 
principle of XRR is based on a well-known phenomenon in optics.  
Optical waves have such a characteristic that they can be completely reflected 
below a critical angle (θc) when iradiating a sample surface. This is due to the 
differences in refractive indexes between the substance that constitute the sample 
interfaces. For the incident angles greater than θc, part of the x-ray can penetrate into 
the film. Therefore, reflection occurs at the top surface of the film as well as the film-
substrate interface. The interference between the reflected x-rays give rise to the 
interference fringes which are angle dependent[91]. 
 
Figure 5.6 An example of the experimental XRR data and the simulation result. The 
simulation was carried out using software Reflectivity by PANalytical.  
An example is shown in Figure 5.6, there are many periodic fringes in the plot. 
The period of the interference fringes and the fall in the intensity are related to the 
thickness and the roughness of the layer. For thin films, the separation between the 
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fringes is inversely proportional to the film thickness (t). It can be calculated using the 
following approximated equation[115]:  
𝑡 =
𝜆
2Δ𝜃
                                                           (5.4), 
where Δθ is the separation (in radians) between two adjacent fringes. Sample with a 
rough surface scatters x-rays rather than reflecting x-rays. Therefore, the intensity of 
the reflected beam can quickly decay and XRR is normally used for smooth thin films 
to determine the film thickness.  
The accuracy of this measurement depends largely on the range of the periodic 
fringes. For interference fringes in a big angular range, the precision is about 1 nm[115]. 
 
Figure 5.7 Thickness fringes for films with 50 nm (blue) and 10 nm (red). Data 
extracted from Mary Vickers’ lecture note. 
In addition, for high quality thin films, there might be fringes (especially next to 
the high intensity peaks) on the θ-2θ scans, which can also be used to calculate the film 
thickness. An example is shown in Figure 5.7. The mechanism is the same to the low 
angle fringes. Although in theory this technique can be applied to any sample, only 
those with high quality give rise to the fringes. This is because the fringes require 
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coherent scattering from all points in the film, any defect destroying lattice coherence 
could extinguish these fringes long before the primary x-ray reflection[117]. The film 
thickness is calculated using the following equation[115]:  
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝜆
2Δ𝜃∗𝑐𝑜𝑠𝜃
                                               (5.5).   
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5.3 Resistance As a Function of Temperature 
Measurement 
The resistance was measured using a four point probe geometry as shown in Figure 
5.6. In this geometry, current is applied to the outer electrodes and the potential drop is 
detected between the inner electrodes. Compared to the two point probe geometry, four 
point probe geometry avoids measuring the resistance of the connecting leads. This 
means when the sample becomes superconducting, the measured resistance is zero and 
not some finite values due to the contribution from the connecting leads.  
In this thesis, sample resistance was measured by wire bonding electrodes on the 
plain films, without any other patterning. The spacing between two electrodes on the 
sample is usually about 0.5 – 1 mm. 
 
 
Figure 5.6 Illustration of the four-point probe geometry. 
The resistance measurements were carried out in two cooling systems because of 
different temperature requirements: one is the helium-4 dewar for temperature range 
between 4.2 K - 300 K; the other one is the helium-3 probe for temperature range 
between 0.3 K - 300 K. The reason is explained as follows.  
Although Sr2RuO4 is superconducting at 1.5 K, the Sr2RuO4 thin films from early 
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depositions were neither superconducting nor fully conductive down to 0.3 K. Instead, 
they either behaved like an insulator or a metal-insulator. In that case, it is not necessary 
to cool down to 0.3 K. A quick way to check the transport properties of the film is to 
use the helium dewar, which can be quickly cooled down to 4.2 K and this temperature 
range (from 300 K to 4.2 K) is enough as a first check for the Sr2RuO4 thin films. For 
Sr2RuO4 thin films that were fully metallic down to 4.2 K, further cooling was required 
to characterize the low temperature behavior of the film. Therefore, temperatures below 
1.5 K were necessary in order to check whether the films were superconducting or not. 
In this situation, helium-3 probe in the minicryofree system is used to achieve 
temperature down to 0.3 K. Besides, the minicryofree is equipped with a magnetic field 
up to 1 T, proving some crucial field dependent data for Sr2RuO4 thin films.  
5.3.1 Tc Probe in Helium Dewar 
Liquid helium is stored in a special vessel called dewar. The resistance was 
measured by mounting the sample onto a Tc sample holder, which is connected to home 
made Tc probe. The Tc sample holder is a copper pad with eight electrodes and the 
sample was wire bonded to the electrodes using the four point probe geometry. By 
slowly dipping the probe into the dewar, liquid helium-4 boils as heat is taken away by 
the evaporation. In this way, the temperature can be cooled down, providing the 
resistance as a function of temperature data down to 4.2 K. 
5.3.2 Helium-3 Probe in Minicryofree 
For temperature range between 0.3 K - 300 K, the measurements were carried out 
using the helium-3 probe in minicryofree system. The minicryofree is a vacuum 
insulated chamber used to support and thermally shield the superconducting magnet 
and variable temperature insert (VTI).  
Figure 5.7 is a brief description of the cooling principle of the system. At room 
temperature, the helium gas (helium-4) is stored in the helium dump. It goes into the 
VTI via the gas inlet and gets purified after the charcoal filter. After the heat exchanger, 
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the helium-4 gas is cooled down below its boiling point (4.2 K) and condenses in the 
helium pot. Then the liquid helium-4 expands after flowing through the needle valve 
and is further cooled down to about 1.6 K as it expands. It can be warmed through the 
VTI heat exchanger when necessary. The helium-4 gas flows past the sample and then 
back to the helium dump.   
 
Figure 5.7 Illustration of the helium-4 cooling principle of the minicryofree. 
Replotted from the minicryofree manual. 
 
Temperatures down to 0.3 K are achieved in the helium-3 probe, which is more 
complicated. A schematic drawing of the helium-3 probe is illustrated in Figure 5.8. 
The helium-3 gas is contained in the helium-3 dump in the probe. Two charcoal sorption 
pumps (main sorption pump and the mini sorption pump) are used in pumping and 
thermal isolation of liquid helium-3. Basically, the main sorption pump is to control the 
liquid helium-3 vapor pressure; while the mini sorption pump is to control the amount 
of the helium-4 exchange gas in the inner vacuum chamber (IVC). The typical cooling 
cycle is as follows. The helium-3 probe is inserted into the sample space in minicryofree, 
and first gets cooled down from room temperature by setting the VTI at 1.6 K, following 
71 
 
the cooling process discussed above. During this process when the main sorption pump 
reaches 40 K, the helium-3 gas is completely desorbed into the helium-3 pot. When the 
mini sorption pump reaches 25 K, the helium-3 pot gets cooled by desorbing the 
helium-4 exchange gas into the IVC. When the helium-3 pot is cooled down to 2 K, all 
the helium-3 gas is fully condensed. Then the main sorption pump is set to 1 K, as the 
temperature drops, the vapor pressure of liquid helium-3 in the helium-3 pot also drops. 
In the meanwhile, the mini sorption pump is set to 1 K, which absorbed the helium-4 
exchange gas from the IVC and thermally isolate the helium-3 pot. Finally, by pumping 
the main sorption pump on the condensed helium-3, the helium-3 pot is reduced to 0.3 
K.  
 
 
Figure 5.8 Illustration of the helium-3 probe, which would be inserted into the sample 
space in Figure 5.7 during measurement. Replotted from the helium-3 probe manual. 
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5.4 AFM 
The surface topography of some of the thin films have been measured by AFM on 
the scale from micrometer down to nanometer range. The basic working principle is 
demonstrated in Figure 5.9. The sample surface is scanned by a cantilever with an 
atomically sharp tip. When the tip is close enough to have interaction with the sample 
surface, the cantilever can be deflected. The deflection is then monitored by a diode 
laser, reflecting from the back of the cantilever towards a photodetector. The 
photodetector is used to monitor and amplify the cantilever deflection. A surface 
topography image is therefore built up. A feedback circuit is used to control the tip-
sample distance in order to maintain a constant force and avoid damage the tip or the 
sample[118].  
 
Figure 5.9 A schematic drawing of the AFM working principle[118]. 
One of the most commonly used working modes in AFM is the tapping mode. In 
this mode, the cantilever is driven at or slightly below its resonance frequency with the 
tip slightly taps on the surface of the sample, making contact with the sample at the 
bottom of its swing. During scanning, when the tip is still far from the sample surface, 
the cantilever oscillates at a constant amplitude. When the tip is brought close to the 
sample surface, several forces including the Coulombic and van der Waals interaction 
contribute to the movement of the cantilever. As a result, the effective resonance 
frequency and the oscillation amplitude of the cantilever is dampened as it approaches 
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the sample surface. The amplitude would first gradually reduce, followed by a sudden 
drop when the tip-sample distance is close enough that the tip completely sticks to the 
sample surface. The change in the oscillation amplitude is used to measure the tip-
sample distance[118].  
The AFM measurements in this thesis were carried out on the AFM in my group: 
Multimode SPM Nanoscope III. Software WSxM 5.0 develop was used to analyze the 
AFM data[119].  
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Chapter 6 Growth and Optimization 
of Metallic c-axis Oriented Epitaxial 
Sr2RuO4 Thin Films  
As mentioned in Chapter 3, currently there are many research groups trying to 
grow superconducting Sr2RuO4 thin films using either PLD or MBE. Unfortunately, 
despite the efforts, the results are not so satisfactory compared to the growth of 
superconducting single crystal Sr2RuO4. Before this work, there was only one 
superconducting Sr2RuO4 thin film reported in 2010
[14], and no following report 
afterwards. The extreme sensitivity of superconductivity in Sr2RuO4 to impurities and 
disorder makes it a challenging task to grow superconducting Sr2RuO4 thin films.  
To make things easier and tackle the problem progressively, I started out by 
identifying the optimum deposition parameters or parameter windows to grow c-axis 
oriented epitaxial Sr2RuO4 thin films. This is the first part of this chapter. The process 
started with target fabrication and substrate selection, and then with the optimization of 
deposition parameters. The second part of this chapter is the improvement of transport 
properties from metal-insulating Sr2RuO4 films to metallic Sr2RuO4 films, which 
involves fine tuning of some key deposition parameters.  
6.1 Phase Optimization for c-axis Epitaxial Sr2RuO4 
Thin Films on LSAT Substrates 
6.1.1 Target Fabrication 
It is known that Sr2RuO4 thin films grown from a pure target have fewer defects 
than those grown from a less pure target[17]. Therefore, a target with high level of purity 
is the key step for successful growth of superconducting Sr2RuO4 thin films. Due to the 
fact that there is no commercial Sr2RuO4 target available, all the Sr2RuO4 targets 
involved in this research are hand-made via a solid reaction process[18].  
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The starting powders were SrCO3 (Alfa Aesar, 99%) and RuO2 (Alfa Aesar, 
99.9%). Powders were pre-heated to remove moisture in order to be accurate when 
weighing. After weighing, the appropriate proportions of powders were carefully mixed 
in the mortar by continuously grinding with a pestle. The mixing process was carried 
out manually until the color of the mixture powders (SrCO3 is white and RuO2 is black) 
was fully uniform, at least to the naked eyes (e.g. no white spots visible). After that, 
they were transferred to a die and pressed into a pellet (1 inch in diameter and 5-6 mm 
thick, thickness of the pellet depended on the amount of powders being pressed). The 
pellet was then sintered in a clean tube furnace. In the first cycle of sintering process, 
the pellet was sintered at 1200 °C in oxygen atmosphere with a heating rate set at 
5 °C/min. This was followed by a 24 hours dwelling period, which was to make sure 
that the starting powders had fully reacted. Subsequently, the pellet was cooled down 
to room temperature in the same oxygen atmosphere with the cooling rate set at 
5 °C/min. After the first cycle of sintering, the as-sintered pellet was loose and porous, 
and crumbled even by a slight touch. Moreover, it was very easy to crack. Therefore, 
the pellet was further re-ground into powders, pressed into a new pellet, and underwent 
the same sintering process again. After the second cycle of sintering, the target was 
dense and hard. This re-sintering process reduced the porosity of the target. In order to 
make a dense and high quality target, the pellet was usually ground and sintered twice. 
Three targets were made in this research and their only difference was the ratios 
of the starting powders in terms of atomic percentage. The first target had Sr/Ru = 2.1:1. 
As the Sr/Ru ratio in Sr2RuO4 phase is the highest among other Sr-Ru-O phases, it 
makes sense to have more Sr in the target to ensure that only the Sr2RuO4 phase can 
exist in the target. However, due to Sr excess, another unexpected phase: SrO was found 
to be present in every film. The details are shown in the subsequent section. Therefore, 
a second target which had a ratio of Sr/Ru = 2:1 was made. However, it was still difficult 
to get rid of the SrO extra phase in the films grown with this target. The major reason 
for the extra SrO phase observed in films grown from both the first two targets can be 
associated with Ru deficiency. At high target sintering temperatures, any volatile 
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species in the target could be lost during sintering, especially near the surface. Given 
the fact that Ru can be easily oxidized into RuO4, which is gaseous at high temperature, 
it can therefore lead to Ru loss in the target[7]. Therefore, it is possible that both the first 
two targets were Ru deficient after two rounds of sintering, and have more tendency to 
form SrO extra phase.  
Lastly, a straightforward way to compensate for the species loss and maintain the 
target stoichiometry is to add an excess amount of the volatile component to the starting 
powders. In the third Sr2RuO4 target, an excess of 15 at% RuO2 powder was added into 
the initial mixture of powders. This is also the same recipe for growing single crystal 
Sr2RuO4
[7]. This target subsequently consisted of phase Sr2RuO4, and therefore was 
used for the rest of the work. After several rounds of grinding and sintering, the final 
target was polycrystalline, as shown in the XRD results in Figure 6.1 which shows that 
all peaks from the target match those of the Sr2RuO4 reference peaks.  
 
 
Figure 6.1 x-ray diffraction on the Sr2RuO4 target with 15 at% Ru excess in the 
starting powder and the reference (JCPDS No. 01-082-1096) pattern.  
During deposition, high energy laser can severely change the composition and the 
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morphology of the target surface due to localized partial melting[96]. Therefore, 
polishing using sand paper was done on the target surface after every deposition to 
ensure that the compositional change from previous deposition will not affect the 
subsequent deposition.  
6.1.2 Substrate 
As already stated in Chapter 4, the lattice mismatch between the substrate and the 
film has an important impact on film epitaxy. Therefore, the lattice parameter of the 
substrates is the first criteria to be considered when selecting a substrate material. 
Several different single crystal substrates were compared, including the commonly used 
ones and those mentioned in other groups’ reports: (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 
(LSAT), SrTiO3 (STO), LaAlO3 (LAO). Except for the lattice mismatch at room 
temperature, the lattice mismatch at high temperature (growth temperature) and low 
temperature (measurement temperature) have also to be taken into consideration. The 
thermal expansion mismatch between substrate and film might induce strain or defects 
into the thin films. 
Unfortunately there is no study on the lattice parameters of Sr2RuO4 at high 
temperature at the moment, and no reports on the thermal expansion coefficient, 
either[120]. An indirect way would be to compare the thermal expansion coefficient of 
the different substrates in Table 6.1. At room temperature, the lattice mismatch between 
Sr2RuO4 and LSAT is the smallest. LSAT has the smallest thermal expansion 
coefficient[121] among LSAT, STO, and LAO, which indicates a minimum lattice 
parameter change either under heating or cooling. In addition, the perovskite structure 
of LSAT can facilitate the epitaxial growth of Sr2RuO4. Therefore, LSAT was chosen 
as the substrate. All LSAT single crystal substrates in this project were ordered from 
CrysTec Gmbh.  
Every time before deposition, substrates were ultrasonically cleaned in a bath of 
distilled water, acetone and isopropyl alcohol (IPA), sequentially for 15 min, and dried 
with compressed air. Right after cleaning, the substrate was mounted onto a resistive 
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heater using silver paint, which guarantees not only a good adhesion to the heater but 
also a good thermal conductance between the heater and the substrate. As the reported 
deposition temperature window for high quality Sr2RuO4 thin film is less than 10 °C
[14], 
it is important to make sure a good temperature uniformity so that the Sr2RuO4 thin film 
is homogeneous. The substrate was heated up in a step-heating mode to avoid any 
thermal shock, with heating rate of about 10 °C/min. After reaching the desired 
temperature, the substrate was kept for about 10 minutes to make sure the substrate is 
uniformly heated. After the deposition, the substrate was cooled down to room 
temperature at cooling rate of 10 °C/min in the same oxygen pressure as during 
deposition. 
Material Lattice parameter 
(nm) 
Lattice mismatch 
vs Sr2RuO4 (%) 
Thermal expansion coefficient 
(K-1) 
Sr2RuO4 0.3873 N.A. Not reported 
LSAT 0.5468 0.16
*
 8.2 x 10-6 
STO 0.3905 0.90 9 x 10-6 
LAO 0.3821 1.27 10 x 10-6 
Table 6.1 Lattice parameter comparison between Sr2RuO4 and other (0 0 1) oriented 
single crystal substrates at room temperature. The lattice parameters and thermal 
expansion of LSAT, STO and LAO are all provided by CrysTec Gmbh. The lattice 
parameter of Sr2RuO4 is from JCPDS No. 01-082-1096. The lattice mismatch was 
calculated using equation 4.4. Unless otherwise mentioned, the orientation concerned 
in this report is (0 0 1). 
*
It should be noted that Sr2RuO4 grown on the LSAT substrate 
has to undergo a 45° in-plane rotation in order to minimize the lattice mismatch to 
0.16%.  
From Table 6.1, it seems that there is a big difference in the in-plane lattice 
parameters between Sr2RuO4 and LSAT. However, in epitaxial thin film growth, if the 
difference in lattice parameters between substrate and film is very large, the film will 
have tendency to rotate 45° in-plane to minimize the lattice mismatch. In my case, 
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Sr2RuO4 unit cells indeed undergoes 45° in-plane rotation, as schematically illustrated 
in Figure 6.2. (XRD results presented in Chapter 7 show evidence of this rotation in 
Figure 7.1 (c)). The in-plane lattice parameter after 45° in-plane rotation for Sr2RuO4 
is 0.3873 x √2 = 0. 5477 nm, resulting in only 0.16% difference with the lattice 
parameter of LSAT.  
 
Figure 6.2. Schematic showing the in-plane rotation of Sr2RuO4 film unit cell on the 
LSAT substrate.  
6.1.3 The Influence of Deposition Parameters on Thin Film 
Phase Composition 
In this research, the “106 PLD” system in my group with a KrF laser (from 
Lambda physik) was used. To begin with, a good vacuum is essential towards a high 
quality thin film. The “106 PLD” system normally can reach a base pressure between 
10-8 to 10-9 mbar after an overnight baking and pumping. In addition, chamber leakage 
was tested every time before the deposition to make sure the vacuum for every 
deposition was consistent. Once the desired deposition temperature is reached, the 
system was left at that temperature for about 10 mins to make sure the substrate was at 
a uniform temperature. In the meanwhile, O2 was let in through the needle valve which 
was connected to a O2 reservoir. The laser energy and ablation frequency were also set 
at the same time. The target was first pre-ablated for about 100 pulses, while the 
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substrate was covered by a shutter. The purpose of the pre-ablation is to remove any 
dirt and impurities on the target surface and leave a fresh surface for the real deposition. 
After all the preparations, deposition was started at the chosen parameters. When the 
deposition finished, the chamber was cooled down to room temperature with O2 flow.  
Although the PLD target phase was known, it does not mean the composition of 
the film would be the same as that of the target. Due to the difference in particle mass, 
charge, vapor pressure, and sticking coefficient of the target species, the composition 
of the film is expected to be greatly affected by many deposition parameters such as the 
gas pressure, deposition temperature, target to substrate distance, and laser fluence. In 
the case of Sr-Ru-O, there could be a competition among the formation of several 
different crystalline phases: SrO, Sr2RuO4, Sr3Ru2O7 and SrRuO3. Therefore, the 
growth of Sr2RuO4 thin films requires the delivery of the right ratio of species to the 
substrates. 
A survey of all the reported growth of Sr2RuO4 thin films by PLD was recorded in 
Chapter 3. In spite of this, the divergence in some of the deposition parameters and the 
wide selection of deposition parameters made it difficult to select starting conditions. 
Therefore, a careful optimization was necessary to make sure the composition does not 
deviate from the desired one. To make things easy and clear, the optimization was 
started by adjusting one parameter at a time: background gas pressure, deposition 
temperature, target to substrate distance and laser fluence. When one parameter was 
changed, the others were kept constant. The following part is a systematic study of the 
influence of the deposition parameters on the film composition. 
Oxygen Pressure 
The addition of oxygen during deposition is necessary for oxide thin films, which 
not only serves as a background gas but also as a reactive gas. Pure oxygen was used 
in the depositions. The phases of the Sr-Ru-O thin films were characterized by XRD, 
as shown in Figure 6.3. Different phases have different thermodynamic stabilities and 
therefore require different amount of oxygen[95]. With the increase in oxygen pressure, 
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the dominant phases in Sr-Ru-O thin films were identified in order from SrO, Sr2RuO4 
+ SrO, Sr2RuO4, Sr2RuO4 + SrRuO3, and SrRuO3. This trend is consistent with the 
chemical equilibrium of the Sr-Ru-O phases with different oxygen amount, as found in 
the bulk Sr-Ru-O system: 
𝑆𝑟2𝑅𝑢𝑂4 ⇋ 2𝑆𝑟𝑂 + 𝑅𝑢 + 𝑂2                                         (6.1), 
2𝑆𝑟𝑅𝑢𝑂3 ⇋ 𝑆𝑟2𝑅𝑢𝑂4 + 𝑅𝑢 + 𝑂2                                   (6.2)
[122]. 
 
Figure 6.3 XRD results of composition in the Sr-Ru-O film with the change in 
oxygen pressure presented on a log scale, with the sample names to the right. The 
influence of the oxygen pressure on Sr-Ru-O thin films was studied by adjusting the 
oxygen pressure from low to high while the deposition temperature was set at 950 °C, 
target to substrate distance at 7.5 cm, laser fluence at 1.5 J/cm2, laser ablation frequency 
at 8 Hz, and repetition of 6000 pulses. Heating and cooling of substrate was done at a 
rate of 10 °C/minute. The peaks in the XRD have been identified by comparing to the 
reference data (JCPDS No. 01-082-1096). S denotes the LSAT substrate. All the peaks 
for Sr2RuO4 identified were (0 0 1) oriented. The thicknesses of the samples are given 
in Table 6.2. 
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The above chemical reactions are for illustration purposes, and by no means 
represent the real PLD growth process, which involves high density plasma that cannot 
be simply described using simple reaction equations. In reaction (6.1), more oxygen in 
the system would make the reaction more favorable towards the left side, and thus easier 
for Sr2RuO4 to be formed. However, as shown in reaction (6.2), too much oxygen in 
the system would facilitate the further formation of SrRuO3. Therefore, as the oxygen 
pressure is increased, the phase in the film changed from Sr-rich phase (Sr2RuO4) to 
Ru-rich phase (SrRuO3).  
In addition, as mentioned in Chapter 4, the oxygen pressure has a great influence 
on species with high vapor pressures. In Sr-Ru-O series, Ru has a high vapor pressure, 
because it forms RuO4 gas with a boiling temperature of only 40 °C
[123]. Therefore, 
films grown at low oxygen pressures tend to have less Ru. As mentioned in Chapter 4, 
the loss of species with high vapor pressure can be compensated by increasing the 
pressure. My result is consistent with this in that at high oxygen pressure, Sr2RuO4 
formation was favorable. Similar results have been found in Pb-Zr-Ti-O thin film 
depositions. Pb deficiency was found in films grown at low pressures, but not in films 
grown at high pressures[124].  
Finally, it has to be noted that the gas pressure can affect the film thickness. The 
film thicknesses were estimated from x-ray fringes, more details can be found in 
Appendix I. As shown in Table 6.2, as the pressure increased, the film thickness 
decreased, with the exception that film deposited at 0.008 mTorr was not in trend. The 
reason is that high pressure reduces the kinetic energy of the plume and creates more 
scattering, causing a lower deposition rate. Therefore, for the same number of laser 
pulses, films grown at high pressure are thinner[95]. However, for films grown at 
extremely low pressures, the plume becomes widely expanded due to fewer collisions 
with the gas molecules, therefore, reducing deposition rate and giving rise to a thin 
film[96]. This may explain exception for the film deposited at 0.008 mTorr.  
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Sample Oxygen pressure (mTorr) Thickness 
(nm) 
P1 0.008 48 ± 5 
P2 0.1 63 ± 5 
P3 10 57 ± 3 
P4 20 43 ± 3 
P5 50 36 ± 2 
Table 6.2 Thickness of the Sr-Ru-O films in Figure 6.3. The thicknesses were 
estimated from x-ray fringes, the estimation of the thickness and thickness errors from 
x-ray fringes can be found in Appendix I. 
Deposition Temperature 
Deposition temperature greatly affects the nucleation process[96] by means of 
activation energy. To some extent, it influences which phase nucleates on the substrate. 
Normally for thin film growth, the temperature should be high enough so that the atoms 
can get sufficient surface diffusion and thus minimize the surface energy[96]. However, 
for some complex oxides, some cation species which have high vapor pressures may 
be lost during deposition[95] at high temperatures. Therefore, a stoichiometric growth 
cannot be realized. In this way, the deposition temperature is closely related to the gas 
pressure. In this specific case, increasing the deposition temperature has similar effect 
on the film stoichiometry as decreasing the gas pressure. 
In the case of Sr-Ru-O thin film deposition, as already discussed, Ru has a high 
vapor pressure and easily evaporate in the form of RuO4
[125]. As can be seen in Figure 
6.4, with the increase in temperature, the dominant phases in Sr-Ru-O thin films were 
identified as SrRuO3, Sr2RuO4 + SrRuO3, Sr2RuO4, and Sr2RuO4 + SrO, progressively. 
It is clear that Ru-rich phases such as SrRuO3 formed at relative low temperatures while 
Sr-rich phases such as Sr2RuO4 formed at relative high temperatures, consistent with 
the Ru evaporation. This is consistent with the reports on ZnGa2O4
[100], due to the high 
vapor pressure of Zn compared to that of Ga, the film exhibit a significant of Zn loss at 
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elevated temperatures. Therefore, the deposition temperature cannot be too high.  
In general, deposition temperature might slightly affect the film thickness because 
the sticking coefficient of the atomic species is closely related to temperature and 
generally porous films have higher thicknesses[96]. However, in my depositions, due to 
the small temperature window, the thickness variations shown in Figure 6.4 were not 
obvious enough to draw any conclusion, the results are shown in Table 6.3.  
 
Figure 6.4 XRD results of Sr-Ru-O composition in the film with the change in 
deposition temperature presented on a log scale, and the sample names are to the right. 
While the temperature was adjusted from low to high, the oxygen pressure was set at 
10 mTorr, the target to substrate distance at 7.5 cm and the laser fluence at 1.5 J/cm2, 
laser ablation frequency 8 Hz, and total repetition of 6000 pulses. Heating and cooling 
rate was maintained at 10 °C/minute. The peaks in the XRD have been identified by 
comparing to the reference data (JCPDS No. 01-082-1096). S denotes the LSAT 
substrate. All the peaks for Sr2RuO4 identified were (0 0 1) oriented. The film 
thicknesses were shown in Table 6.3. 
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Sample Temperature (°C) Thickness (nm) 
T1 980  58 ± 3 
T2 950 55 ± 4 
T3 850 60 ± 2 
T4 750 52 ± 5 
Table 6.3 Thickness of the films in Figure 6.4. The thicknesses were estimated 
from x-ray fringes, the estimation of the thickness and thickness errors from x-ray 
fringes can be found in Appendix I. 
Target to Substrate Distance 
With the increase in this distance, the dominant phases in Sr-Ru-O thin films were 
identified as Sr2RuO4, Sr2RuO4 + SrRuO3, and SrRuO3, as shown in Figure 6.5. It is 
obvious that the target to substrate distance (D) affects the phases in the films. Films 
grown in a relative short D tend to have Sr-rich phases, while those grown in a relative 
long distance have Ru-rich phase.  
This can be understood in terms of the plume propagation during deposition. 
Within the distance from target to substrate, the energy and the composition of the 
particles as well as the ion density in the plume vary a lot[95]. Due to the existence of 
gas in the chamber, all species constituting the plume can be scattered and thermalized. 
In this process, particles which are light in mass are more prone to be scattered. In the 
case of Sr-Ru-O, Sr is lighter than Ru. Therefore, within the distance from target to 
substrate, Sr was more easily scattered than Ru. If D is short, the scattering of Sr was 
not significant. However, for relatively longer D, the scattering of Sr was significant 
enough to cause Sr loss and thus resulted in a Ru-rich phase in the film. Therefore, films 
grown at short distances are Sr-rich, while those grown at long distances are Ru-rich. 
Similarly, this preferential scattering of lighter atoms over long target to substrate 
distance is also found in the deposition of SrTiO3 (Ti is ligher than Sr) thin films. Sr-
rich phases were found to dominate in films grown at long D values, whereas Ti-rich 
phases were was found in films grown at short D[107].  
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In addition, D is related to the gas pressure (P), following the aforementioned 
empirical law[104, 108] in Chapter 4: 
𝑃 × 𝐷𝑟 = 𝐶                                                    (6.3)[109].  
 
Figure 6.5 XRD results of Sr-Ru-O composition in the film with the change in target to 
substrate distance (D) presented on a log scale, and the sample names are to the right. 
During experiments, D was adjusted gradually from short to long, while the oxygen 
pressure was maintained at 10 mTorr, deposition temperature at 950 °C, and the laser 
fluence at 1.5 J/cm2, laser ablation frequency at 8 Hz, and total repetition of 6000 pulses. 
Heating and cooling rate was maintained at 10 °C/minute. The peaks in the XRD have 
been identified by comparing to the reference data (JCPDS No. 01-082-1096). S 
denotes the LSAT substrate. All the peaks for Sr2RuO4 identified were (0 0 1) oriented. 
The film thickness was shown in Table 6.4. 
The equation can be understood in the following way. For the deposition of a 
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specific material in a PLD system, under background gas pressure P0, there is an 
optimum target to substrate distance D0, which guarantees the optimum plume species 
transfer to substrate. Suppose the background gas pressure P0 increases to P0
’, 
according to that equation, the new optimum D0
’ is shorter compared to D0. If the real 
target to substrate distance is still D0, it means the distance is relatively longer. In this 
way, increasing the gas pressure or the target to substrate distance has similar effect on 
the thin film composition. The difference is that the film composition is more sensitive 
to target to substrate distance because of the power r, which is normally bigger than 
1[109]. This empirical law also explains why the oxygen pressure used to grow Sr2RuO4 
was so different among different research groups, as shown in Table 3.2. Given the 
different deposition chambers, different target to substrate distances, it is reasonable to 
have a big variation in the optimum oxygen pressure.  
Finally, it has to be noted that the deposition rate is influenced by the target to 
substrate distance. As D increases, atomic species normally undergo more scattering 
along the way from target to substrate. Therefore, the deposition rate tends to decrease. 
Nevertheless, the plasma plume is highly directional, and thus the film thickness in fact 
does not decrease too much as the distance gets longer[95], as shown in the film 
thicknesses in Table 6.4. 
 
Sample Distance (cm) Thickness (nm) 
D1 7.5 58 ± 2 
D2 8.7 56 ± 3 
D3 10 53 ± 2 
Table 6.4 Thickness of the Sr-Ru-O films in Figure 6.5. The thicknesses were 
estimated from x-ray fringes, the estimation of the thickness and thickness errors from 
x-ray fringes can be found in Appendix I. 
Laser Fluence 
The laser fluence influences not only the composition of the ejecting species in the 
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plume, but also their kinetic energy. In order to achieve stoichiometric Sr2RuO4 films, 
a critical laser fluence range must be determined.  
A gradual change in the phase composition with laser fluence is shown in Figure 
6.6. With the increase in laser fluence, the dominant phases in the film changed from 
Sr2RuO4 + SrO to Sr2RuO4 to Sr2RuO4 + SrRuO3 and finally to SrRuO3 at the highest 
laser fluence. It is clear that in the Sr-Ru-O system, a relatively high laser fluence results 
in a Ru-rich phase like SrRuO3, while a relative low laser fluence leads to a Sr-rich 
phase like Sr2RuO4.  
The reason that high laser fluence results in low Sr/Ru ratio can be related to 
scattering of the atomic species in the laser plume. In a simplistic view, since the energy 
from laser fluence (laser energy density) is transferred to the atomic species in the form 
of their kinetic energy, higher laser fluence results in higher kinetic energy of the atomic 
species in the plume. Consequently, higher kinetic energy translates to higher linear 
momentum of the atomic species. Since particles with higher level of linear momentum 
are less likely to be scattered, increasing laser fluence will normally result in less 
scattering for the atomic species during the deposition.  
In my case, SrRuO3 (low Sr/Ru ratio) tends to be observed at high fluence while 
Sr2RuO4 (high Sr/Ru ratio) tends to be observed at lower fluence. This seems to infer 
that at high fluence Sr (lighter atom) is more scattered than at low fluence. This 
somewhat contradicts the arguments in the literature which essentially associate higher 
fluence to less scattering of lighter atoms. For example, in the case of YBa2Cu3O7-x thin 
films, where Y is lighter than Ba, for low laser fluence below 0.4 J/cm2, the film was 
Y-deficient and the Y/Ba ratio was less than 1:2[111]. 
In view of the above discrepancy, in this Sr-Ru-O film case, the compositional 
change with respect to fluence cannot be explained by scattering of lighter and heavier 
atoms alone, but rather there may be combinations of a few mechanisms, which will 
require an in depth studies on the ionization state of Ru and Sr atoms in the plasma 
(charged ions scatters differently to neutral atoms), congruent or incongruent target 
ablation, as well as possible reaction to form bigger molecules in the plasma. In addition, 
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for different fluence, the spatial distribution of atomic species in the plume may be very 
different. Moreover, in my case, Ru tends to be oxidized to RuO4 in the presence of O2 
and therefore further complicates the scattering process.  
 
Figure 6.6 XRD results of Sr-Ru-O composition in the film with the change in laser 
fluence presented on a log scale, and the sample names are to the right. During the 
optimization, the laser fluence was adjusted gradually while the oxygen partial pressure 
was set at 10 mTorr, deposition temperature at 950 °C, and the target to substrate 
distance at 7.5 cm, laser ablation frequency at 8 Hz, and repetition of 6000 pulses. 
Heating and cooling rate was maintained at 10 °C/minute. The peaks in the XRD have 
been identified by comparing to the reference data (JCPDS No. 01-082-1096). S 
denotes the LSAT substrate. All the peaks for Sr2RuO4 identified were (0 0 1) oriented. 
The film thickness was shown in Table 6.5. It has to be noted that there would be a 
slight energy variation due to the periodic refilling of KrF gas for PLD, which results 
in higher fluctuation in laser fluence immediately before laser gas refilling. 
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Finally, it is worth mentioning that a high laser fluence also affects the deposition 
rate[95]. Generally, a high laser fluence is expected to result in a high deposition rate and 
thus giving thicker film for the same number of pulses. This is consistent with results 
shown in Table 6.5. for film deposited using 6000 pulses. 
 
Sample Fluence (J/cm2) Thickness (nm) 
L1 0.8 36 ± 3 
L2 1.6 60 ± 2 
L3 1.8 68 ± 2 
L4 2.2 82 ± 3 
Table 6.5 Thickness of the Sr-Ru-O films in Figure 6.6. The thicknesses were 
estimated from x-ray fringes, the estimation of the thickness and thickness errors from 
x-ray fringes can be found in Appendix I. 
Film Composition Using Different Targets 
Lastly, films grown using the three different Sr2RuO4 targets mentioned previously 
were compared. The only difference among the three targets was the Sr/Ru ratio. For 
clarity, the three targets were named as target-1, target-2, and target-3; and the 
corresponding films were named as A, B, and C, separately. This is shown in Table 6.6.  
During the optimization of Sr-Ru-O thin film growth, it has been found that only 
target-3 gave the possibility of obtaining the intended film peaks (pure Sr2RuO4 phase) 
in XRD scan, as shown in Figure 6.7. Whereas films grown using either target-1 or 
target-2 always resulted in the extra SrO phase, although possible deposition parameters 
discussed above have been tried and varied. The result is shown in Figure 6.7, with the 
red dashed line pointing out the SrO peak. As explained previously, the reason for this 
is the volatility nature of Ru, resulting in Ru deficiency in both target-1 and target-2 as 
well as the films. Only target with a 15% excess of Ru (target-3) was found to 
effectively suppress the appearance of SrO phase and yield the pure Sr2RuO4 film. 
Therefore, target-3 was chosen to be used in the work.  
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Figure 6.7 XRD results of Sr2RuO4 thin films grown using three different targets, 
presented in log scale. The peaks in the XRD have been identified by comparing to the 
reference data (JCPDS No. 01-082-1096). All the peaks for Sr2RuO4 identified were (0 
0 1) oriented. The growth conditions are obtained from the previous optimizations: 
deposition temperature at 950 °C, oxygen pressure at 7 mTorr, target to substrate 
distance at 7.5 cm, laser fluence at 1.4 J/cm2, ablation frequency at 2 Hz and total 
repetitions of 6000 pulses. Heating and cooling rate was maintained at 10 °C/minute. 
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Target  Sr/Ru Corresponding films Comments on film composition  
Target-1 2.1:1 A Sr2RuO4 + SrO phase 
Target-2 2:1 B Sr2RuO4 + SrO phase 
Target-3 2:1.15 C Sr2RuO4 phase 
Table 6.6 Three different targets and the corresponding film phase compositions. 
6.1.4 Summary on Sr2RuO4 Thin Film Phase Optimization 
To sum up, the deposition of c-axis oriented Sr2RuO4 thin films on LSAT substrate 
using my hand-made target has been optimized by studying the influence of four major 
deposition parameters on film compositions. Firstly, targets were fabricated using 
different nominal Sr/Ru ratios and the resulting films were examined. The target 
fabricated with a slight excess Ru powder was found to give the most phase pure films. 
Subsequently, oxygen pressure, deposition temperature, target to substrate distance, and 
the laser fluence were tuned systematically to find the deposition trend. Changes in the 
dominant phase in as-deposited Sr-Ru-O films have been revealed to follow some 
trends. In general, the appearance of Sr2RuO4 phase prefers low oxygen pressure, high 
deposition temperature, short target to substrate distance and low laser fluence. To 
summarize, a schematic phase diagram has been illustrated in Figure 6.8. 
Although the deposition parameters were adjusted independently, they are actually 
interrelated as already discussed in the previous sections and all have an influence on 
the deposition rate. It has been discussed in Chapter 4 that the deposition rate can affect 
thin film formation mechanism. This, in effect, also means that the deposition rate will 
eventually affect surface morphology/roughness. 
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Figure 6.8 A short summary of the phase diagram on the four deposition parameters: 
oxygen pressure, deposition temperature, target to substrate distance, and laser fluence. 
The arrow indicates an ascending direction for the specific axis. 
6.1.5 A Comment on the Reproducibility of Sr2RuO4 Phase  
In general, PLD is a very reliable technique for thin film growth under optimized 
conditions. In my case, apart from finding the trends of the growth conditions of Sr-Ru-
O thin films, it has also been found that Sr2RuO4 films with reasonably consistent XRD 
peaks can be consistently grown. For example, the XRD results of the four samples (P3, 
T2, D1, L2) which were grown under nearly identical conditions have been summarized 
in Figure 6.9. The XRD patterns for all four samples show c-axis oriented Sr2RuO4 
phase.  
Nonetheless, there are some slight variations. First, it seems that there are some 
tiny extra peaks for sample L2. In the case of L2, it was grown when the KrF gas for 
the laser was nearly empty, right before the KrF gas refill. Thus the laser beam was not 
very stable and there was a slightly higher fluctuation on the laser fluence compared to 
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normal situation. Therefore, the XRD result of L2 deviates a little bit from the other 
three. Second, the reason that there are slight variations in the XRD of the four samples 
may be due to inhomogeneity in the target. Due to the fact that the Sr2RuO4 target used 
in this work was hand-made, it was really hard to guarantee perfectly homogeneous 
target compositions. Therefore, slight compositional variation may occur between 
every deposition. This issue may be overcome by using a high quality commercial 
Sr2RuO4 target which unfortunately was not widely available due to limited studies on 
this material.  
 
Figure 6.9 XRD results of four Sr2RuO4 thin films using nearly identical growth 
conditions, presented in log scale. All four samples were grown at deposition 
temperature of 950 °C, oxygen pressure of 10 mTorr, target to substrate distance of 7.5 
cm, laser fluence of 1.5 J/cm2 (for P3, T2, D1) - 1.6 J/cm2 (for L2), and ablation 
frequency of 8 Hz. 
In addition, the film thicknesses and surface roughnesses of the four samples (P3, 
T2, D1, L2) are summarized in Table 6.7. As expected, all the four films have similar 
thickness and surface roughness values. This, once again, demonstrates that the quality 
of the Sr2RuO4 thin films grown in my experiments are reproducible.  
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sample P3 T2 D1 L2 
Thickness (nm) 57 ± 3 55 ± 4 58 ± 2 60 ± 2 
Roughness (nm) 3.892 3.695 3.978 4.101 
Table 6.7 Thicknesses and root mean square (RMS) surface roughness values of 
the four Sr2RuO4 thin films using nearly identical growth conditions: P3, T2, D1, L2. 
The estimation of the film thickness was from x-ray fringes, and more information can 
be found in Appendix I about the estimation and calculation of thickness errors.  
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6.2 Transport Study and Improvements to the Fully 
Metallic Sr2RuO4 Thin Films 
After being able to grow c-axis oriented Sr2RuO4 films with the right phase, the 
next objective was to focus on characterizing transport properties. Unfortunately, all the 
early Sr2RuO4 thin films had metal-insulating transitions (MIT). Their resistance values 
first decreased as the sample was cooled down, showing metallic behavior; then at low 
temperatures the resistance increased as the sample was further cooled down, leaving a 
metal-insulating transition in the plot. An example of the resistance as a function of 
temperature plot is shown in Figure 6.10.  
 
Figure 6.10 Resistance as a function of temperature for a typical metal-insulating 
Sr2RuO4/LSAT sample. The deposition was done at temperature of 920 °C, oxygen 
pressure of 10 mTorr, target to substrate distance of 7.5 cm, laser fluence of 1.6 J/cm2, 
ablation frequency of 8 Hz and total repetition of 10000 pulses. 
The metal-insulating transition is normally not a sharp one, but undergoes a broad 
temperature range, as shown in the red arrow in the inset in Figure 6.10. The MIT 
temperature is defined as the temperature where the resistance is the minimum, and the 
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transition width is defined as the temperature range of the two points where the 
resistances difference are within 0.01 times of the value the minimum resistance, which 
also defined the error bars for the MIT temperatures in the following sections.  
This MIT has never been reported in single crystals Sr2RuO4 before, but has been 
seen in many Sr2RuO4 thin films
[17, 18, 47, 77, 78]. In spite of this, the reason and mechanism 
behind the MIT in Sr2RuO4 is still not clear to date. It has only been suggested that the 
disorder within the Sr2RuO4 films may play a role
[17]. As described in Chapter 3, it has 
already been understood how growth conditions in the floating zone method can affect 
the quality of superconducting single crystals of Sr2RuO4. Therefore, defects can be 
minimized in this process explaining why it is easier to obtain superconducting single 
crystal Sr2RuO4. For thin film growth techniques like PLD, many factors during growth 
process can result in disorder. For example, a dirty or faulty substrate can affect the 
nucleation process, target with lower purity can result in unwanted elements in the film, 
the chemical composition of the film may be off the desired stoichiometry, 
compromising the structural perfection, the growth temperature can influence the film 
crystallinity. At present, there are not enough studies on Sr2RuO4 thin film growth and 
this in turn limited our understanding of how to improve the transport properties.  
6.2.1 Correlation between the FWHM and MIT Temperatures of 
Sr2RuO4 Thin Films 
To understand the underlying reason for the occurrence of a MIT, a few metal-
insulating Sr2RuO4 thin films with different MIT temperatures were investigated. 
Although their θ-2θ XRD showed that the Sr2RuO4 phase was dominant, the difference 
in film crystalline quality was observed by comparing the rocking curves (ω scan) of 
the (0 0 6) Sr2RuO4 phase. The full-width at half-maximum (FWHM) of rocking curves 
were observed to vary from sample to sample. The reason for comparing rocking curves 
is because it represents the overall structural quality of the film. Defects such as 
dislocation, mosaicity, disorientation or inhomogeneity[126, 127] all increase FWHM of 
the rocking curve. The fact that different FWHM of different rocking curves was 
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observed suggests that among the different metal-insulating Sr2RuO4 thin films, there 
was a variation in crystalline quality. In Figure 6.11, the MIT temperatures of these 
Sr2RuO4 thin films samples are plotted against the FWHM values of the (0 0 6) rocking 
curves. The samples were grown using a broad range of deposition parameters with 
fluence ranging from 0.9 J/cm2 to 1.6 J/cm2, temperature from 900 °C to 950 °C, target 
to substrate distance at 7.5 cm, oxygen pressure from 0.4 mTorr to 15 mTorr and 
ablation frequency of 8 Hz. These films were grown using different total number of 
pulses ranges from 8000 pulses to 15000 pulses, to account for the various deposition 
rate when using different deposition parameters. The MIT error bars in the y-direction 
has been explained earlier and shown in the red arrow in the inset in Figure 6.10. Note 
that no error bars was shown in the x-direction (FWHM). This is because all the samples 
were measured using the same instrument, and the major source of error is the 
instrumental broadening which is about 0.02° according to the instrument manual. The 
instrumental broadening in the FWHM shown in the graph has already been subtracted.  
 
 
Figure 6.11 MIT temperature as a function of the FWHM of (0 0 6) Sr2RuO4 rocking 
curves for the metal-insulating Sr2RuO4 films. The dashed line is a linear fitting of all 
the data points shown, marking a trend of the MIT temperature dependency on the 
rocking curves.  
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From the distribution of the data points, a trend can be observed showing that the 
MIT temperature tends to be lower in Sr2RuO4 films with a smaller FWHM. This 
indicates that sample with lower FWHM (better structural quality) tends to have lower 
MIT temperature, which is not surprising because it was well studied in single crystal 
Sr2RuO4 that any structural imperfections may be detrimental to its transport properties.  
6.2.2 Fine Tuning to Improve Transport of Sr2RuO4 Thin Films 
From the above discussions, it is clear that the electrical transport quality of the 
initial Sr2RuO4 films was far from satisfactory. In order to suppress the MIT in the 
Sr2RuO4 thin films, the crystalline quality of the sample had to be improved. Therefore, 
experiments were carried out as how to improve the sample quality. Although in the 
previous section, four major deposition parameters have been coarsely optimized, 
resulting in the right Sr2RuO4 majority phase in the XRD, the eligible parameter ranges 
were still wide. Due to the nature of the plume generation in deposition, variations in 
deposition parameters could result in either inhomogeneity or off-stoichiometric 
composition of films. In the case of Sr2RuO4, these could lead to defects and mis-
orientations and hence have a significant impact on the transport properties[128]. 
Therefore, fine tuning of the deposition parameters was necessary.  
For fine tuning, oxygen pressure, laser fluence, deposition temperature, and 
ablation frequency were considered. The target to substrate distance was excluded 
mainly because it is not flexible to be adjusted in small scale during fine tuning. In the 
same way as before, only one deposition parameter was changed and the rest remained 
the same. The film thickness was controlled at about 100 ± 10 nm during fine tuning of 
all deposition parameters except ablation frequency. When using low ablation 
frequency (e.g. 1 Hz), it is experimentally impractical to grow 100 nm thick films as it 
would take at least 10000 pulses for optimized parameter growth rate which translates 
to about 3 hours deposition. Since the substrate heater was operating at near its 
maximum capability (e.g. 1000 °C), the best practice was to keep deposition duration 
to of 1 – 1.5 hours.  
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Oxygen Pressure 
The Sr2RuO4 phase was found to appear in a range of oxygen pressures during the 
previous phase optimization, therefore, during the fine tuning, the oxygen pressure was 
adjusted from 0.4 mTorr to 15 mTorr, where Sr2RuO4 was most likely observed. After 
deposition, the FWHM of the (0 0 6) Sr2RuO4 rocking curves and the MIT temperatures 
were both measured. The results were plotted against the changes in oxygen pressure. 
In Figure 6.12, by slowly increasing the oxygen pressure, the FWHM of Sr2RuO4 first 
decreased to about 0.1°, then increased slightly to about 0.2°. MIT temperature of 
Sr2RuO4 films first decreases as the oxygen pressure increases. This observed behavior 
can be analyzed by taking into account that more oxygen during deposition is more 
favorable for formation of the Sr2RuO4 phase in the film, and vice versa. This is 
consistent with the trend discussed in the previous section. Additionally, Ru is 
important in constituting the RuO2 plane, which is vital for the conductivity of Sr2RuO4. 
Further increasing oxygen pressure leads to an increase in MIT temperature again. 
This may be associated with excess O2, which would also cause a tendency for SrRuO3 
to form, as explained in the reaction equation 6.2 in the previous section, resulting in 
both inhomogeneity and off-stoichiometry in the film. Although a small amount of 
either inhomogeneity or off-stoichiometry could be hardly detected by XRD, this would 
inevitably distort the Sr2RuO4 microstructures. Consequently, this would not only result 
in the rocking curve FWHM broadening, but more importantly, results in poor electrical 
transport. This explains why the MIT temperature and the FWHM increased when the 
oxygen pressure is further increased.  
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Figure 6.12 The FWHM of (0 0 6) Sr2RuO4 rocking curves and MIT temperatures for 
the metal-insulating Sr2RuO4 films as a function of the change in oxygen pressure. The 
oxygen pressure was fluctuating in a small range. This was observed as the fluctuation 
in the pressure meter, which is recorded as error bars. The deposition was carried out at 
temperature of 910 °C, laser fluence at 1.4 J/cm2, and ablation frequency at 2 Hz, 10000 
pulses. It should be noted that the temperature used in this oxygen pressure trials was 
only 910 °C. During those depositions the original heater was down and there was a 
shortage of wiring supply, and therefore the heater was only replaced with a thinner 
wire which can only withstand current to produce maximum temperature of 930 °C.  
Laser Fluence 
Similar to oxygen pressure, laser fluence was fine tuned to obtain good electrical 
transport properties. The FWHM of the (0 0 6) Sr2RuO4 rocking curves and the MIT 
temperatures were plotted against changes in laser fluence in Figure 6.13. Similar to 
the analysis in previous section, high laser fluence would favor SrRuO3 (low Sr/Ru 
ratio) phase, while low laser fluence would favor Sr2RuO4 (high Sr/Ru ratio) phase. The 
deviation from an optimum laser fluence could lead to either Ru surplus or Sr surplus, 
and hence could have detrimental effect on electrical transport properties. In Figure 
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6.13, the FWHM of the rocking curves decreases with the increase in laser fluence. 
Similarly, the MIT temperature also decreases as the laser fluence increases and flatten 
out in the range between 1.3 J/cm2 and 1.6 J/cm2 where the MIT does not change much.  
 
Figure 6.13 The FWHM of (0 0 6) Sr2RuO4 rocking curves and MIT temperatures for 
the metal-insulating Sr2RuO4 films as a function of the change in laser fluence. The 
laser energy was within some fluctuations. This fluctuation was observed from the laser 
control panel, and was taken into account in the error bars. The other growth conditions 
here are: deposition temperature 910 °C, oxygen pressure 10 mTorr, ablation frequency 
2 Hz, and repetition 10000-18000 pulses. The heater was still using the thin wire, and 
thus temperature of only 910 °C was used.   
Deposition Temperature 
The deposition temperature range in the fine tuning was set from 900 °C to 960 °C. 
Similar to the previous parameters, the FWHM as a function of deposition temperature 
were shown in Figure 6.14. It has to be noted that two points were plotted at 910 °C. 
This is because during the deposition of sample 1, the target rotation motor encountered 
some problems and the Sr2RuO4 target stopped rotating. In order to maintain 
consistency and comparability with other samples, sample 2 was grown using the exact 
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same composition after the rotation motor was fixed.  
 
Figure 6.14 FWHM of (0 0 6) Sr2RuO4 rocking curves and the MIT temperatures for 
the metal-insulating Sr2RuO4 films as a function of the change in deposition 
temperature. As long as the silver paint used to stick the substrates on the heater surface 
was spread homogeneously throughout the back of the substrate, the temperature was 
homogeneous on the substrate surface. The temperature reading was from the 
pyrometer reading on the substrate before and after the deposition, which were the same. 
This was also compared with the reading from the thermometer coupled with the heater. 
The deviation observed between the pyrometer and the thermometer was recorded as 
the error bars in this work. Films were grown at oxygen pressure 10 mTorr, laser fluence 
of 1.4 J/cm2, ablation frequency of 2 Hz, and repetition of 10000 pulses.  
According to the study of Krockenberger[14], the growth window for a high quality 
Sr2RuO4 film is less than 10 °C. Therefore the temperature separation (step) in the fine 
tuning was set as 10 °C to capture the perfect window of growth. As can be seen in the 
experiments, with the increase in deposition temperatures, the FWHM of rocking curve 
gets smaller. The FWHM saturates from the range of 930 °C to 960 °C, and this is 
higher than the optimized deposition temperature of Krockenberger’s superconducting 
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Sr2RuO4 film, which is 920 °C
[14]. A high temperature not only guarantees enough 
activation energy for thin film nucleation, but also facilitates a layer-by-layer thin film 
growth[96]. In this sense, the number of defects and mis-orientation may be reduced, and 
hence the sample quality can be improved at higher growth temperature. Not 
surprisingly, the MIT temperature of Sr2RuO4 films also decreased with the increase in 
deposition temperature. 
Ablation Frequency 
Ablation frequency turns out to be important during the fine tuning of deposition 
parameters. An optimum ablation frequency between 2 to 4 Hz was observed to yield 
the minimum FWHM value, as shown in Figure 6.15. For ablation frequency higher 
than 4 Hz, the observed FWHM values are relatively higher than films grown at low 
frequency. This is because the elapsed time between each deposition pulse might have 
been too short for adatoms to undergo surface diffusion and form layer by layer growth. 
This is similar to the argument in kinetic factor in Chapter 4.1. Therefore, the surface 
roughness could be too high for the subsequent arriving atoms. This is shown in the 
AFM image in Figure 6.16(a), where big clusters can be seen on top of the sample 
surface. After many layers of deposition, it is highly likely to induce the generation of 
defects or inhomogeneities. This is one of the major reasons for rocking curve 
broadening at high ablation frequency, resulting in the high FWHM values in Figure 
6.15. In this regard, a Sr2RuO4 film with high density of defects would be very likely 
to have high MIT temperatures, as shown in the blue data in Figure 6.15. As the ablation 
frequency was reduced to 2 Hz, the surface of the sample was smoother and no big 
clusters were observed, as shown in Figure 6.16(b). In addition, the FWHM of the 
rocking curve was also smaller as shown in Figure 6.15, indicating a better sample 
quality. However, as the ablation frequency was further reduced to the minimum 
achievable in the system, 1 Hz, the MIT transition temperature was observed to increase 
again. Figure 6.16(c) revealed the surface profile of this sample, which shows slightly 
higher roughness compared to the film grown at 2 Hz. This also corresponds to a higher 
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FWHM of the rocking curve in Figure 6.15. The reason for this is not exactly clear 
considering low frequency should promote smoother growth. However, taking into 
consideration of the fact that Ru is volatile in high temperature and oxygen atmosphere, 
part of Ru atoms on the substrate might have been evaporated during the time lapse 
between two pulses and can slightly affect the film stoichiometry, which may have 
generated defects and affect the surface roughness.  
 
Figure 6.15 The FWHM of (0 0 6) Sr2RuO4 rocking curves and the MIT temperatures 
for the metal-insulating Sr2RuO4 films as a function of the change in ablation frequency. 
The ablation frequency was set by the laser control panel and is an integer. Therefore, 
no error bar was used for the laser frequency. The rest of the growth parameters are: 
deposition temperature 950 °C, oxygen pressure 7.5 mTorr, laser fluence 1.3 J/cm2, and 
ablation repetition of 5000 pulses to give the film thickness of about ~50 nm.  
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Figure 6.16 AFM images for three Sr2RuO4 thin films grown at different ablation 
frequency: (a) 8 Hz, the RMS surface roughness is about 3.719 nm, (b) 2 Hz, the 
RMS surface roughness is about 0.7 nm, and (c) 1 Hz, the RMS surface roughness is 
about 1.129 nm.  
Substrate Annealing 
In addition to the four parameters, another direct way to improve sample quality 
is substrate surface treatment. As discussed in Chapter 4, thin films grown on substrates 
with step-terraces or single terminations have high quality. It is known that smooth step-
terraces can be created by annealing the substrates[129]. However, as LSAT is a complex 
material, which is consisted of La, Sr, Al, Ta, and O, it is difficult to achieve single 
terminations. Most annealing process have resulted in many SrO islands on the LSAT 
surface due to the volatility of La[130], this is shown in Figure 6.17(a). In the annealing 
trials in this work, the LSAT substrate was annealed in oxygen in order to make the 
annealing environment similar to the deposition environment. The island structure 
reported in the literature also happened and the result is shown in Figure 6.17(b). The 
island may act more like a hindrance rather than help with achieving high quality thin 
films. Therefore, to avoid too much complexity, LSAT substrates in my depositions 
were only carefully cleaned before deposition, without any other treatment.  
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Figure 6.17 The AFM image of (a) Blank LSAT substrate annealed at 1100 °C for 30 
min in air showing SrO islands from reference[130]. (b) Blank LSAT substrate after 
annealing in oxygen flow for 6 hours at 1000 °C.  
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6.2.3 Summary on The Transport Improvement of Sr2RuO4 Thin 
Films 
After the fine tuning of the above four deposition parameters, all the FWHM 
values of (0 0 6) Sr2RuO4 rocking curves and their MIT temperatures have been plotted 
in Figure 6.18. A correlation between the two can be observed, which is consistent with 
the trend in Figure 6.11. High value of FWHM almost certainly results in high MIT 
temperature in Sr2RuO4 thin films. As the rocking curves get sharpened, the MIT 
temperatures are suppressed to lower values. This trend has not only highlighted the 
importance of high quality Sr2RuO4 films (low FWHM) to its transport 
[17, 60], but also 
pointed out an easy and straightforward way to improve the transport behavior through 
rocking curve FWHM analysis.  
 
 
Figure 6.18 A summary of the link between MIT temperatures and the FWHM of the 
(0 0 6) Sr2RuO4 rocking curves based on the fine tuning of the four parameters: 
oxygen partial pressure, laser fluence, deposition temperature, and ablation frequency. 
After the fine tuning of the four parameters, metallic c-axis oriented Sr2RuO4 films 
with very good epitaxy have been achieved, this is shown in Figure 6.19. The optimized 
deposition parameters for metallic Sr2RuO4 thin films are: deposition temperature 
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950 °C, oxygen pressure: 7 – 9 mTorr, target to substrate distance 7.5 cm, laser fluence 
1.3 – 1.6 J/cm2, and ablation frequency: 2 – 4 Hz. By using these optimized conditions, 
metallic film can be reproducibly obtained. 
 
 
Figure 6.19 Optimized results for metallic Sr2RuO4/LSAT thin film. The growth 
condition for this sample is: deposition temperature 950 °C, oxygen pressure 7.5 
mTorr, target to substrate distance 7.5 cm, laser fluence 1.3 J/cm2, ablation frequency 
2 Hz. (a) θ-2θ scan; (b) rocking curve of (0 0 6) Sr2RuO4; (c) in-plane resistance as a 
function of temperature. 
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6.2.4 Comment on the AFM Results of the Sr2RuO4 Thin Films 
In general, it is difficult to draw a direct conclusion between the surface roughness 
and the transport properties. It cannot be said that film with a smooth surface would 
definitely have good (metallic) electrical transport behavior. However, it is clear that 
the metallic films have smooth surfaces, as compared to the MIT films. This is shown 
in Figure 6.20, where Figure 6.20(a) and (b) are metal-insulating films, and Figure 
6.20(c) and (d) are metallic films. 
 
Figure 6.20 AFM topography image for four Sr2RuO4 thin films. (a) and (b) metal-
insulating samples (c) and (d) metallic samples.  
The growth conditions and other details have been summarized in Table 6.8. The 
AFM topography image of the two MIT thin films demonstrate very rough surface with 
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big clusters or islands. As discussed previously, this is detrimental to the transport 
properties of Sr2RuO4. In comparison, sample (c) and (d) are both metallic Sr2RuO4 
thin films. The surface of the two samples are very smooth under the AFM, as shown 
in Figure 6.20 (c) and (d). The growth conditions for the two samples are quite similar 
and this demonstrates the reproducibility of the metallic thin film growth conditions 
obtained after the fine tuning.  
 
Sample  a b c d 
Deposition Temperature (°C) 920 920 950 950 
Oxygen pressure (mTorr) 10 10 7.5 8 
Target to substrate distance (cm) 7.5 7.5 7.5 7.5 
Laser fluence (J/cm2) 0.9 1.6 1.3 1.4 
Ablation frequency (Hz) 8 8 2 2 
Thickness (nm) 40 46 50 53 
RMS Roughness (nm) 4.1 3.97 0.7 0.83 
MIT temperature (K) 90 62 metallic metallic 
Table 6.8 Details of the four Sr2RuO4 thin films shown in Figure 6.20. 
It is worth noting that not many samples were characterized using AFM because 
the sample surface tends to get damaged/dirty if other characterization (wire bonding 
or XRD) was performed on the sample before AFM. As the goal of this work is to get 
good transport properties of the Sr2RuO4 thin films, transport measurement and XRD 
characterization were always prioritized. In addition, for sputtering systems, more than 
one substrate can be loaded in the chamber under optimized conditions. In contrast, in 
the PLD “106” system which I was using, the plume was concentrated and sharp, which 
means only one sample can be grown at one deposition. Therefore, not enough samples 
were characterized under AFM. The purpose of doing the comparison between metallic 
and MIT films in Figure 6.20 is to show that the surface of metallic film is smooth 
compared to MIT film. Nevertheless, this alone cannot form a firm correlation between 
surface roughness and electrical transport properties. 
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In summary, by fine tuning of the four different parameters, the metal-insulating 
transitions have been suppressed and metallic film can be reproducibly obtained. The 
ultimate challenge was to make another improvement from metallic Sr2RuO4 films to 
fully superconducting ones. Given the myriad of failures in current literature, it is an 
extremely challenging task.  
In the next chapter, the focus is on reporting the analysis of the localized 
superconductivity in Sr2RuO4 thin films grown on LSAT substrate. 
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Chapter 7 Enhanced Localized 
Superconductivity of Sr2RuO4 Thin 
Film on LSAT 
In the previous chapter, we reported the optimization of the phase and transport 
properties of c-axis oriented Sr2RuO4 thin films on LSAT substrates. The electrical 
properties have been improved from metal-insulating to fully metallic through fine-
tuning deposition conditions. Although superconducting Sr2RuO4 thin films were also 
obtained, no definite parameters could be found to consistently achieve 
superconducting Sr2RuO4 thin films. Given the fact that superconducting Sr2RuO4 thin 
film is very rare and tricky to grow, as evidenced in the report in 2010[14], it is hardly 
surprising that this is only the second report amongst the research community at 
superconducting Sr2RuO4 films. It is therefore necessary to delve deeper into the in-
depth structural parameters in relation to the low temperature behavior of 
superconducting Sr2RuO4 thin films.  
7.1 XRD Characterization of Superconducting 
Sr2RuO4 Thin Films 
An ablation frequency of 2 Hz and laser fluence of 1.5 J/cm2 was fired at the 
rotating target during deposition. The target to substrate distance was 7.5 cm. As high 
temperature is favorable to getting both phase-stable and structurally perfect films, the 
deposition temperature was optimized at 950 °C. The O2 pressure was kept at 7.5 mTorr 
throughout the deposition and during cooling to room temperature after growth.  
XRD was first carried out to study the structural properties and phase purity of the 
superconducting Sr2RuO4 thin films. As shown in the θ-2θ scan in Figure 7.1(a), the 
dominant phase in the film is Sr2RuO4, and all the (0 0 l) peaks indicates a c-axis 
orientation. Thickness fringes were observed around the (0 0 6) Sr2RuO4 peak, as shown 
in Figure 7.1(b). Such fringes are constructive interferences, resulting from uniform 
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film thickness, regular lattice periodicity, smooth film surface, and clear film-substrate 
interface over the x-ray illuminated volume[117]. The simulation curve based on 
equation: 
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝜆
2Δ𝜃∗𝑐𝑜𝑠𝜃
                                                (7.1) 
matches well with the experimental data, as can be seen in Figure 7.1(b). In this 
equation, λ is the wavelength of the x-ray (0.15418 nm), θ is the Bragg angle in radians, 
and Δθ is the separation between adjacent fringes. By calculation, the thickness of the 
film is about 31 nm ± 2 nm, the estimation of the thickness error can be found in 
Appendix I. 
As shown in Table 6.1 in Chapter 6, the in-plane lattice parameter of LSAT 
substrate is 0.54682 ± 0.00015 nm (JCPDS No. 01-086-1840) and the in-plane lattice 
parameter of bulk Sr2RuO4 is 0.38730 ± 0.00003 nm (JCPDS No. 01-082-1096). 
Therefore, a minimum lattice mismatch of only 0.16% can be achieved by the 45° in-
plane rotation of Sr2RuO4 (√2 x 0.38730 nm = 0.54772 nm) with respect to LSAT 
(0.54682 nm). The small lattice mismatch between LSAT substrate and Sr2RuO4 is 
important in that it can almost eliminate possible lattice distortion or disorder due to 
strain relaxation. As shown in Figure 7.1(c), the four sharp peaks of Sr2RuO4 lie 45° 
away from those of the LSAT substrate, indicating not only the perfect c-axis oriented 
growth of Sr2RuO4 on LSAT substrate, but also an in-plane epitaxy relation of [1 1 0] 
Sr2RuO4 || [1 0 0] LSAT. This is shown in Figure 7.1(d).  
Figure 7.1(e) shows the reciprocal space map (RSM) of the (1 0 11) Sr2RuO4 and 
(1 1 6) LSAT reflections. As expected, the Sr2RuO4 thin film is fully strained in-plane 
with respect to the LSAT substrate, as indicated by the dotted line.  
In short, these different XRD scanning modes indicate a near-perfect Sr2RuO4 
crystal structure over a large area of the film. 
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Figure 7.1 (a) θ-2θ result of Sr2RuO4 thin film grown on (0 0 1) oriented LSAT 
substrate. (b) Thickness fringes and simulation result near (0 0 6) Sr2RuO4. (c) Φ scan 
of (1 0 3) Sr2RuO4 and (0 2 4) LSAT. (d) Illustration of the crystal in-plane lattice 
matching between Sr2RuO4 and LSAT. One square denotes one unit cell. Blue stands 
for Sr2RuO4 and black for LSAT. (e) RSM of (1 0 11) Sr2RuO4 and (1 1 6) LSAT. 
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7.2 Transport Measurement of Superconducting 
Sr2RuO4 Thin Films 
In relation to the XRD results, it is interesting to study the electrical transport 
behavior of the superconducting Sr2RuO4 films. The low-temperature measurements 
were performed in Napoli under the help from Prof. Francesco Tafuri and Dr. Davide 
Massarotti, using a helium-3 refrigerator by a four point probe in-plane geometry. The 
refrigerator was equipped with a room temperature electromagnetic interference filter 
stage followed by low-pass RC filters anchored at 1.5 K, with a cut-off frequency of 
about 1 MHz, and by copper powder filters anchored at the sample stage, with a cut-off 
frequency of about 1 GHz.  
In order to get a thorough understanding of the transport behavior, Sr2RuO4 thin 
films with metal-insulating and fully metallic behavior were compared. The resistance 
as a function of temperature plot for the three representative films is shown in Figure 
7.2(a). The residual resistivity ratios (RRR) R300K/R4.2K for superconducting, metallic, 
and metal-insulating Sr2RuO4 film are shown in Table 7.1, where R300K is the resistance 
at 300 K, and R4.2K is the resistance at 4.2 K. At low temperatures, the resistance of a 
material is mainly due to the impurity or defect scattering of electrons. In this sense, 
high RRR values are associated with pure samples. Therefore, RRR can be used as a 
rough indicator of the sample overall quality.  
sample Superconducting 
Sr2RuO4 thin film 
Metallic Sr2RuO4 
thin film 
Metal-insulating 
Sr2RuO4 thin film 
RRR 6.3 5 1.8 
Table 7.1 RRR from 300 K to 4.2 K for superconducting, metallic, and metal-
insulating Sr2RuO4 films. 
The results in Table 7.1 demonstrate that the superconducting Sr2RuO4 thin film 
has the highest RRR, with the metal-insulating Sr2RuO4 thin film having the lowest 
RRR. This suggests that films with a higher RRR generally are more likely to show 
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superconductivity. Taking into consideration of the fact that superconductivity in 
Sr2RuO4 is sensitive to impurities and defects
[15], the correlation between a high RRR 
and the superconductivity revealed in this study is self-evident. In comparison, a much 
higher RRR of 80 was reported for the previous superconducting Sr2RuO4 thin film 
(onset Tc at 0.9 K)
[14]. Interestingly, superconductivity was still observed in my film 
despite a relatively lower RRR value. 
 
Figure 7.2 (a) In-plane resistance as a function of temperature for metal-insulating, 
metallic and superconducting Sr2RuO4 thin films from 300 K to 0.3 K with the bias 
current of 1 µA. (b) In-plane resistance as a function of temperature for the 
superconducting Sr2RuO4 thin film under bias currents of 100 nA, 1μA, and 5 μA, 
from 4 K to 0.3 K. (c) A quadratic correlation between resistance and temperature for 
superconducting Sr2RuO4 thin film between 20 K and 2 K. (d) Current-voltage 
characteristics of superconducting Sr2RuO4 thin film at 400 mK with and without an 
in-plane magnetic field of 15 mT. 
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We further measured the low temperature behavior of the superconducting 
Sr2RuO4 thin films. Below 4 K, the in-plane resistance of the superconducting Sr2RuO4 
thin film is measured with different bias currents, as shown in Figure 7.2(b). As 
expected, the superconducting transition is suppressed to lower temperatures as the bias 
current increases. Zero resistance was observed when using the bias current of 100 nA. 
This is shown in the red curve. Two features in the plot need to be mentioned. The first 
one is the superconducting broad transition before 0.5 K, which could be due to the 
sample inhomogeneity and defects. The other one is the slight enhancement of the 
superconducting onset transition temperature, which is 1.9 K. In comparison, the 
highest Tc for pure Sr2RuO4 single crystal is only 1.5 K
[16]. The possible reason for this 
enhanced superconductivity is discussed in the next section.  
In addition, similar to the correlation found for superconducting Sr2RuO4 single 
crystal discussed in Chapter 3, there is also a quadratic correlation for my 
superconducting Sr2RuO4 film between the in-plane resistance and temperature 
between 20 K and 2 K. This is shown in Figure 7.2(c). It indicates a Fermi-liquid[4] 
behavior similar to in the superconducting Sr2RuO4 single crystals, in which the 
electron–electron interaction dominates the resistivity[45] of a material.  
Last but not least, a zero-voltage supercurrent was observed at 400 mK, and the 
critical current was found at about 1 μA. This is shown in Figure 7.2(d). After the 
magnetic field of 15 mT was applied along the in-plane direction, the current–voltage 
characteristic of the superconducting Sr2RuO4 thin film becomes linear. This implies 
the Bc2 for this superconducting Sr2RuO4 thin film is not bigger than 15 mT.  
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7.3 Structural and Transport Analysis Showing 
Localized Enhanced Superconductivity 
Based on the data from both XRD and transport studies of my film, a few 
deductions can be made regarding the nature of its superconductivity. But before 
arriving at any conclusion, it is important to note that when measuring the transport 
properties of the sample, more than four wire bonds were used. This is shown in Figure 
7.3. Although only four wire bonds are needed In four-point probe geometry 
measurement, the extra bonds can be served as backup connections in case of wire 
breaking. More importantly, different combinations of wire bonds offer an alternative 
to check the transport homogeneity of the sample. Therefore, data can be collected from 
different areas in one sample. 
 
 
Figure 7.3 Illustration of the wire bonding locations on film. Orange represents the 
sample holder, grey represents the film, and black lines represent the wire bonds.  
As a matter of fact, not all combinations of wire bonds on the sample showed 
superconducting behavior. Some regions of the thin film were non-superconducting 
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(metallic) down to 0.3 K while some other regions were superconducting. As an 
example, when the part from wire bonds combination (1, 2, 3, 4) or (4, 5, 6, 7) are 
superconducting; while those from (7, 8, 9, 10) or (10, 11, 12, 1) are not 
superconducting, this means that the superconductivity was not homogeneously 
distributed throughout the film, but rather a localized phenomenon. This is similar to 
the case observed in my real metallic films. In other words, while some parts of the film 
were sufficiently free of defects to maintain superconductivity, some were not. The 
exact length scale of the localized area is unknown, because it is experimentally 
challenging to cover the whole film with wire bonds. The fact that the average spacing 
between wire bonds in the experiment is about 1 mm shows that the dimension of the 
localized area is at least commensurate to the wire bond spacing (e.g. 1 mm). 
Moreover, both the relatively small RRR and the broad superconducting transition 
in Figure 7.2(a) and 7.2(b) indicate that defects are present. As already known, Sr2RuO4 
is highly sensitive to defects and impurities[15]. In a perfect Sr2RuO4 crystal where the 
in-plane coherence length is 66 nm[16], the superconductivity is easily destroyed by any 
defect within the length scale. Besides, an in-plane magnetic field of only 15 mT is 
enough to suppress the superconductivity. This is much lower than the Bc2//ab (1.5 T)
[4] 
in bulk Sr2RuO4 crystal. Therefore, the superconductivity observed in the film was 
localized and much weaker. 
In addition, two possible mechanisms commonly seen in the literature that could 
be responsible for the observed enhanced Tc of 1.9 K in my film were considered. They 
are the presence of a secondary phase (Ru)[8] and structural defects[90, 131]. On the first 
sight, the second possibility seems to contradict the fact that defects are known to 
destroy superconductivity in Sr2RuO4. It will be explained in the following part. Before 
we go any further, it helps to first examine the existence of secondary phase. As 
described in Chapter 3, the onset Tc can be enhanced to 3 K in the Sr2RuO4–Ru eutectic 
system, where Ru lamellae are embedded in the Sr2RuO4 matrix
[8]. However, from the 
structural data presented so far, no obvious sign of a secondary phase has been observed 
in my film. Nevertheless, there are some asymmetries in the profiles of Sr2RuO4 peaks 
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in Figure 7.1(a), which can be identified more as structural defects rather than 
secondary phases.  
In other studies on the growth of Sr-Ru-O thin films, similar asymmetries on the 
XRD scan were also reported[80], as shown in Figure 7.4(a). There is a gradual change 
in the phases of the films. The major phase in the film changes from Sr3Ru2O7 to some 
other intermediate phases and finally to the Sr2RuO4 phase. As Sr-Ru-O series are 
layered structured, it is reasonable to think the difference between those intermediate 
phases are only difference in the number of sub-unit cell layers, which caused the 
change in the unit cell c lattice parameter values of certain regions in the films. A close 
comparison between the XRD scan of Sr2RuO4 in my project in Figure 7.1(a) and the 
scan in Figure 7.4(a) indicated some similarities. 
 
Figure 7.4 (a) XRD scan of a series of Sr-Ru-O films grown by pulsed laser 
deposition[80]. (b) An example of how the main peaks and shoulders in the analysis are 
defined. 
Take the example of the (0 0 8) peak, as shown in Figure 7.4(b), which clearly 
consisted of two weaker peaks around a strong peak. This is similar to the green colour 
plot in Figure 7.4(a). The two weak peaks were named as shoulders, whereas the strong 
peak was the main peak, which can be de-convoluted by peak profile fitting using XRD 
data analysis software Highscore. In fact, the asymmetries can be interpreted as 
variations in the (0 0 l) plane d-spacing of the Sr2RuO4 thin film. According to: 
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𝑐𝑙 = 𝑙 × 𝑑𝑙                                                       (7.2), 
where cl and dl are the c-axis value and the d-spacing obtained from the (0 0 l) reflection, 
the asymmetries can also be regarded as the c-axis variations in different regions of the 
film. 
Before trying to calculate the c lattice parameter values, the sample displacement 
error during XRD measurement caused by sample unevenness has to be eliminated. As 
a matter of fact, the bottom of the sample is usually not flat but with many dirt, which 
is due to the dried silver paint used in PLD. This results in the displacement error in the 
XRD. There is a correction equation for the sample displacement error:  
∆𝑑𝑙
𝑑𝑙
∝
𝑐𝑜𝑠2𝜃
𝑠𝑖𝑛𝜃
                                                     (7.3)[132], 
where Δdl are the change or error in the d-spacing of the (0 0 l) reflection, and θ is the 
Bragg angle. Now combining equation (7.2) and (7.3),  
we get 
∆𝑐𝑙
𝑐𝑙
∝
𝑐𝑜𝑠2𝜃
𝑠𝑖𝑛𝜃
                                                        (7.4), 
where Δcl is the change or error in the c-axis of the (0 0 l) reflection. By extrapolation 
cos2θ/sinθ to zero, c-axis value without the displacement error can be obtained. Ideally, 
the c-axis of a perfect film and substrate with a sample displacement error have a linear 
dependency on cos2θ/sinθ, and so the extrapolation cos2θ/sinθ → 0 produces the most 
accurate c lattice parameter values.  
The c lattice parameter values of the superconducting Sr2RuO4 thin film, metallic 
Sr2RuO4 thin film, and the LSAT substrate determined from the asymmetric main peaks 
are plotted as a function of cos2θ/sinθ, as shown in Figure 7.5(a). A linear trend is found 
for the LSAT substrate and the main peaks of the two thin films. The extrapolation to 
0 is shown by the three dashed lines in Figure 7.5(a). This linear dependency can be 
attributed to the structurally perfect regions in the thin films.  
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7.5 (a) Comparison of the c-axis of main peaks in superconducting Sr2RuO4 thin 
film, metallic Sr2RuO4 thin film, and the LSAT substrate. The short dashed lines are 
extrapolations to zero using the sample displacement error correction equation. The red 
arrow indicates the bulk c-axis value for Sr2RuO4 and the blue arrow for bulk LSAT. (b) 
c-axis of shoulder oscillation in superconducting Sr2RuO4 film and Bi2Sr2−xLaxCuO6 
film. The Bi2Sr2−xLaxCuO6 data points were reprinted from reference
[133]. 
Furthermore, the c lattice parameter values for the LSAT substrate, and the main 
(0 0 l) peaks for the metallic and superconducting Sr2RuO4 thin films based on the 
extrapolation in Figure 7.5(a) are compared and shown in Table 7.2. As expected, the 
c-axis for LSAT is close to its standard value (0.7729 ± 0.0003 nm, JCPDS No. 01-
086-1840). However, the c-axes for both the metallic and superconducting Sr2RuO4 
thin films are larger than those for bulk single crystals (1.27323 ± 0.0009 nm, JCPDS 
No. 01-082-1096). Moreover, both of the in-plane strain and out-of-plane strain have 
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been calculated for superconducting and metallic Sr2RuO4 thin films using equation 
(4.4) discussed in Chapter 4. The out-of-plane strain for the two films is bigger than 
that of an ideal fully strained film on LSAT as shown in Table 7.2. This implies the 
presence of defects, albeit at a much lower level in the superconducting Sr2RuO4 than 
in the metallic Sr2RuO4. 
 
Sample 
c lattice parameter 
values (nm) 
In-plane 
strain (%) 
Out-of-plane 
strain (%) 
LSAT  0.7735 N.A. N.A. 
Ideal Sr2RuO4 grown on LSAT  N.A. -0.16 0.064 
Superconducting Sr2RuO4 film  1.2747 -0.16 0.12 
Metallic Sr2RuO4 film  1.2817 -0.16 0.67 
Table 7.2 Strain of an ideal Sr2RuO4 film on LSAT, the superconducting Sr2RuO4 
film, and the metallic Sr2RuO4 film. All of the films were fully strained to LSAT and 
the out-of-plane strain for the ideal Sr2RuO4 film was calculated using the Poisson 
ratio of bulk Sr2RuO4 (0.4)
[90]. 
In addition, a similar plot has been done for the asymmetric shoulders of the 
superconducting Sr2RuO4 film in Figure 7.5(b). However, no correlation can be 
observed and the fitting does not converge as cos2θ/sinθ → 0. For comparison, a very 
similar non-correlated variation of the c lattice parameter as a function of cos2θ/sinθ is 
also seen in Bi2Sr2−xLaxCuO6 thin films, as shown in Figure 7.5(b)
[133]. Similar to the 
analysis in reference for the Bi2Sr2−xLaxCuO6 films
[133], the sporadic deviation of the 
shoulder peaks in my superconducting Sr2RuO4 thin film suggests the existence of 
localized regions whose c lattice parameter differs from the rest of the matrix. 
There are several possibilities that can cause c lattice parameter expanding, such 
as out-of-plane strain due to in-plane compression, vacancies due to off-stoichiometry, 
intergrowth or stacking faults which are common in complex oxides. First, the films 
were tensile fully strained in-plane to the LSAT substrate, which would more likely to 
cause c lattice parameter compression other than expansion. Second, it is true that 
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vacancies on a particular sub-lattice can cause variations on the c lattice parameter 
values. The most probable vacancies in oxide materials would be oxygen vacancy. 
However, films grown in slightly higher oxygen pressure also have similar shoulders 
as shown in Figure 7.4(b). Therefore, this possibility is less likely. Finally, due to the 
very similar structural relationship among the Sr-Ru-O series, this c lattice parameter 
expansion is highly possibly due to some extra sub-unit cell layers along the c-axis. In 
other words, this can be interpreted as containing extra (0 0 l) layers or intergrowth, 
which are common defects in layered materials[133, 134].  
 
Figure 7.6 (a) c lattice parameter of shoulder oscillation in metallic and superconducting 
Sr2RuO4 film; (b) (0 0 6) rocking curve of both metallic and superconducting Sr2RuO4 
film, with the FWHM 0.0994° and 0.0844°, respectively. 
On the other hand, the metallic film has a much more sporadic c lattice parameter 
as a function of cos2θ/sinθ profile, as shown in Figure 7.6(a). For comparison, the 
superconducting data already shown in Figure 7.5(b) were also added in Figure 7.6(a), 
which have almost been linear compared to the oscillation of the metallic data. In 
addition, the (0 0 6) rocking curves of both the metallic and the superconducting 
Sr2RuO4 were shown in Figure 7.6(b). The broader FWHM in the metallic Sr2RuO4 
film obviously implies a higher level of defects. 
In general, defect formation can be associated with both the layered-structure 
nature and the fabrication process of Sr2RuO4. As has been described in Chapter 6, PLD 
is known as a non-equilibrium growth technique[135]. Although stoichiometric material 
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ablation is guaranteed during target ablation, the process in which the plume deposits 
onto the substrate may not be stoichiometric, and can be affected by many deposition 
factors: target to substrate distance, laser fluence, deposition temperature, gas pressure, 
laser ablation frequency[133].  
 
Figure 7.7 A schematic drawing of the Sr2RuO4 crystal showing a defect-free 
region as well as an area with defects where misalignment was caused by stacking faults. 
As shown in Figure 7.7, Sr2RuO4 has a layered structure. Therefore, during 
deposition, it is highly possible to have structural defects in the form of stacking faults. 
When neighboring regions of the film with stacking faults coincide, the atomic bonding 
can create a slight out-of-plane misalignment. This could disrupt the continuity in the 
RuO2 plane, which is likely to be detrimental to superconductivity
[17]. That is why the 
RRR of my Sr2RuO4 thin film is relatively lower, and the superconductivity is localized.  
On the other hand, the presence of coherent structural defects with a different d-
spacing will also inevitably create micro-strained regions of structurally perfect 
material. Uniaxial strain as small as 0.3% has been found to greatly enhance the Tc onset 
up to 1.9 K[90, 136, 137]. The overall lattice mismatch strain is biaxial. However, the out-
of-plane strain that arises due to elastic coupling with the biaxial strain is uniaxial, 
which could have partly contributed to the enhancement of Tc as discussed in Chapter 
3. In addition, the localized strain associated with the included stacking faults can also 
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be expected to have a uniaxial nature[84] and consequently could contribute to Tc 
enhancement. Additionally, extra layers like a stacking fault itself can also lead to edge 
dislocations. It has been reported that dislocations in Sr2RuO4 crystals can result in 
enhanced Tc and step-like transition
[131], which is consistent with my superconducting 
thin film. The much smaller BC2//ab and the small value of the critical current deduced 
in Figure 7.2(e) suggest that the superconducting regions are only weakly coupled in 
this sample. 
In summary, localized superconductivity has been observed in my epitaxial c-axis 
oriented Sr2RuO4 metallic thin film on LSAT grown by pulsed laser deposition. The 
superconducting onset is 1.9 K, which is higher than the maximum bulk value. In 
addition, the observed superconductivity in the film was localized. The variations from 
the analysis of the c lattice parameter values indicate the existence of defects, which 
could be the reason for the localized nature of the superconductivity. On the other hand, 
the defect can induce micro-strain around it, which is thought to be related to the 
enhanced superconductivity.  
In my samples, it is hard to see how many samples displayed superconductivity. 
Since the superconductivity was localized as discussed in this chapter, and it is 
impractical to measure every point on the film. Since the superconductivity is localized, 
the wire bonding location has to be exactly coincide with the perfect region in the 
sample to show superconductivity. Thus, the possibility that localized 
superconductivity also exists in those metallic films cannot be excluded. Therefore, it 
is difficult to conclude about how reproducible the superconducting Sr2RuO4/LSAT 
film is, because only this sample was rigorously measured, which took huge resource 
and time commitments.  
Nevertheless, as mentioned in Chapter 6 conclusion, the reproducibility of metallic 
samples is not a problem as long as the deposition parameters fall within the optimized 
range.  
Despite the localized nature of superconductivity, this work delivers hope and 
opens an exciting possibilities for further explorations of superconducting Sr2RuO4 thin 
128 
 
films because superconductivity was shown to be possible in the film. This result, albeit 
a big step forward in this area of research, still implies that the bottleneck for further 
study of Sr2RuO4 lies in the fabrication process. The problem of the localization of 
superconductivity needs to be solved. Therefore, finding a simple, consistent and 
relatively larger error tolerance way of fabrication is of paramount importance for my 
subsequent study. In the next chapter, a more consistent way to grow superconducting 
Sr2RuO4 thin films is discussed.  
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Chapter 8 Partial Superconducting 
Sr2RuO4 Thin Films on Nb-SrTiO3 
In the previous chapter, superconductivity has been observed in Sr2RuO4 thin films 
grown on LSAT substrate. Despite the achievement, inconsistency in the film quality is 
still the biggest problem concerning the growth of superconducting Sr2RuO4 thin films. 
Specifically, the localization of superconductivity in the superconducting Sr2RuO4 thin 
films and the poor reproducibility have made it difficult to do further processing with 
the superconducting Sr2RuO4 thin films. Therefore, a more reliable method is welcome. 
In this study, partially superconducting Sr2RuO4 thin films have been consistently 
grown by PLD following the optimization process in Chapter 6.  
8.1 Characterization of Sr2RuO4 Thin Films on Nb-
SrTiO3 
Previously in the optimization of c-axis oriented Sr2RuO4 thin films, LSAT was 
chosen as the substrate because of its small lattice mismatch with Sr2RuO4, which is 
also intuitive for epitaxial thin film growth. However, given the fruitless optimizations 
to obtain consistent superconducting Sr2RuO4 thin films on LSAT substrates, it is 
necessary to devise a new method.  
Apart from the deposition parameters mentioned in Chapter 6, substrate condition 
is no less important for high quality epitaxial thin film growth. Similar to LSAT, STO 
also has a perovskite structure. The unit cell of STO is cubic, and the cell parameter is 
0.3905 nm, as can be found in Table 6.1. Unfortunately, my optimizations of Sr2RuO4 
thin films on the STO substrates only yielded metallic films, at best.  
There are several reports[138, 139] on high quality FeSe thin films grown on Nb 
doped STO (Nb-STO) compared to the normal insulating STO. Nb-STO is made from 
substituting Ti4+ in the normal insulating STO matrix using Nb5+[140]. This makes Nb-
STO electrically conductive, and also brings about other improved properties like 
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thermoelectric property[141]. Inspired by the literature, 5wt% Nb doped STO substrates 
were used for the growth of Sr2RuO4 thin films. The optimized growth conditions for 
the superconducting Sr2RuO4 thin films on Nb-STO substrates were found to be: 
deposition temperature 950 °C, oxygen pressure 7.5 mTorr, target to substrate distance 
7.5 cm, laser fluence 1.5 J/cm2, ablation frequency 2Hz, which is nearly identical to the 
growth conditions optimized on LSAT.  
After deposition, XRD was first used to identify the phase composition and epitaxy 
of the as-deposited thin films. All the peaks from the θ-2θ scan in Figure 8.1(a) can be 
identified to the (0 0 l) families of Sr2RuO4 and/or Nb-STO substrate, suggesting the c-
axis orientation. Figure 8.1(b) demonstrates the rocking curves of both the (0 0 6) 
Sr2RuO4 and (0 0 2) Nb-STO. The FWHM of Sr2RuO4 rocking curve is only 0.06° 
against that of Nb-STO, which is about 0.02°. This confirms the good epitaxial growth 
of c-axis oriented Sr2RuO4 on Nb-STO even though the lattice mismatch between 
Sr2RuO4 and Nb-STO is bigger than Sr2RuO4 and LSAT.  
 
 
Figure 8.1 (a) θ-2θ pattern of a typical Sr2RuO4 thin film grown on Nb-STO substrate; 
(b) rocking curve of (0 0 6) Sr2RuO4 and (0 0 2) Nb-STO; (c) The AFM topography of 
the Sr2RuO4 film grown on Nb-STO with the thickness of about 60 nm.  
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In addition, a very smooth surface of the as-deposited Sr2RuO4 thin films has been 
observed under AFM. As seen from Figure 8.1(c), for a Sr2RuO4 thin film with the 
thickness of 60 nm, the root mean square (RMS) roughness is about 0.35 nm. This is 
smoother compared to the surface roughness in the previous chapters, which is about 
0.8 nm.  
Atomic resolution scanning transmission electron microscopy (STEM) with high-
angle annular dark-field imaging (HAADF) was used to characterize the cross sectional 
microstructures of the Sr2RuO4 thin film grown on Nb-STO. This was carried out in 
collaboration with Prof. Kelvin Hongliang Zhang, Dr. Daniel Pingstone and Dr. Vlado 
Lazarov from University of York. After receiving the data, I made the following 
analysis and the model based on the results. The interface between the Sr2RuO4 thin 
film and the Nb-STO substrate was first investigated in Figure 8.2(a). An abrupt 
interface can be observed, with atoms from the Sr2RuO4 thin film matching well with 
those from the Nb-STO substrate, demonstrating the good epitaxial growth.  
The body of the Sr2RuO4 thin film was subsequently investigated. Large perfect 
areas with the layer-structures characteristic of Sr2RuO4 have been observed. An 
example is shown in Figure 8.2(b). A much closer inspection in the left side of Figure 
8.2(c) revealed the microstructure formed by well-ordered atoms. The periodic patterns 
marked by the black line along the c-axis direction consists the regular crystal lattice of 
Sr2RuO4, which is the octahedral site of Ru-O and two layers of Sr-O. Next to it is the 
crystal representation of Sr2RuO4. The red lines demonstrate the well-matched structure 
of my Sr2RuO4 thin film with its crystal representation. It should be noted that oxygen 
atoms are not clearly visible here due to the Z2 contrast dependence in HAADF, where 
Z denotes the atomic number. Z of oxygen atom is significantly lower in comparison to 
that of Sr, Ti, and Ru. As a further step, the cationic crystal representation of Sr2RuO4 
perfectly overlaps on top of the real Sr2RuO4 film structure in [100] viewing direction, 
as shown in Figure 8.2(d). This clearly demonstrates the good orientation and well-
ordered lattice structure in my Sr2RuO4 thin film.  
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Figure 8.2 STEM-HAADF cross sectional image of Sr2RuO4/Nb-STO. (a) The 
interface between Sr2RuO4 and Nb-STO, the right side is the crystal representation of 
both Sr2RuO4 and Nb-STO; (b) An overview of the Sr2RuO4 film microstructure; (c) 
Close-up view of the microstructure and crystal representation of Sr2RuO4; the black 
line represents the periodic patterns; (d) Overlap of the Z-contrast HAADF result and 
crystal atoms of Sr2RuO4, note that oxygen atoms are intentionally omitted; (e) Defects 
in Sr2RuO4 films; (f) A model demonstrating the OPB defect in a crystal.  
 
Although the majority of the Sr2RuO4 thin film is free from defects, some localized 
defects were observed, as shown in Figure 8.2(e). This kind of defect is called the out-
of-phase boundary (OPB), where adjacent regions in the crystal are out of registry by a 
fraction of unit cell parameter. An atomic model of the OPB defect is demonstrated in 
Figure 8.2(f). In my case as shown in Figure 8.2(e), the adjacent Sr2RuO4 areas shifted 
some distances along [0 0 1] direction, and the magnitude of which is much less than 
the c-axis parameter. OPBs are common structural defects that occur both in complex 
oxide thin film and bulk[82, 142, 143]. The nucleation of OPBs could be due to film-
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substrate interface misfit or volatile component decomposition[82]. Given the clear 
interface shown in Figure 8.2(a), the nucleation of OPB in my Sr2RuO4 thin film is 
likely to be from the loss of Ru, which is also very common during Sr2RuO4 single 
crystal fabrication[7]. Unlike the reported OPBs in Sr2RuO4 thin films, which 
propagated into the whole part of the films and destroyed the superconductivity[17], the 
observed OPB is localized within fraction of film thickness, and the overall lattice is 
not affected. 
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8.2 Transport Measurement on Sr2RuO4 Thin Films 
Grown on Nb-SrTiO3 Substrate 
The transport properties were measured in our helium-3 probe equipped in the 
mini-cryofree system from 300 K to 0.3 K. From 300 K downwards, Sr2RuO4/Nb-STO 
is metallic followed by a superconducting transition at low temperature. This is shown 
in Figure 8.3(a). As a matter of fact, 5%wt Nb doped STO is highly conductive and also 
superconducting. Although all the wire bonds were made onto the film as shown in the 
inset in Figure 8.3(a), part of the current can still travel along the c-axis direction down 
to Nb-STO substrate. In this sense, Nb-STO inevitably contributes to the total observed 
resistance.  
To better interpret the results, a control sample was grown, which is more like an 
annealed Nb-STO. The process is described in the following. A piece of pure Nb-STO 
substrate was loaded into the high vacuum PLD chamber. Every step and parameter 
was exactly the same as the deposition of the Sr2RuO4 thin film, including the heating 
process and the gas pressure, except that no real deposition was done. After this, the 
transport of the control sample was measured and its resistance as a function of 
temperature is also shown in Figure 8.3(a), marked in blue. Compared to the 
Sr2RuO4/Nb-STO sample, the much bigger resistance drop in the control sample 
between 300 K and 2 K indicated that the control sample is much more conductive than 
Sr2RuO4/Nb-STO. In addition, a superconducting transition in the control sample is 
observed. Compared to the small resistance of the control sample, the much higher 
resistance of the Sr2RuO4/Nb-STO sample implies that a large interface resistance 
exists between the Sr2RuO4 thin film and the Nb-STO substrate.  
In Figure 8.3(b), a more detailed investigation of the low temperature resistance 
as a function of temperature for both Sr2RuO4/Nb-STO and the control sample was 
demonstrated. A very sharp superconducting transition is seen at about 0.4 K in the 
control sample, which is consistent with the literature records on Nb-STO[144, 145]. In 
comparison, the plot for Sr2RuO4/Nb-STO is different. A step-feature with two 
resistance drops was observed. The first resistance drop is abrupt, starting at about 1.3 
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K, corresponding to the Tc of single crystal Sr2RuO4. On the other hand, the second 
resistance drop is more gentle. The resistance slowly decreases over the rest of the 
temperature range to a finite value. Thus, the terminology partial superconductivity 
was used instead of superconductivity (to confirm superconductivity, the resistance has 
to fall to zero). After applying an in-plane magnetic field up to 200 mT, the onset Tc of 
 
Figure. 3 (a) Resistance as a function of temperature plot of superconducting 
Sr2RuO4/Nb-STO and the control sample from 300 K to 0.3 K. Both the two curves are 
plotted on a log scale to better resolve the difference. Inset shows the four-point probe 
geometry for the Sr2RuO4/Nb-STO sample. (b) Resistance as a function of temperature 
curve for both Sr2RuO4/Nb-STO and the control sample from 2 K to 0.3 K. (c) 
Resistance as a function of temperature for Sr2RuO4/Nb-STO under different magnetic 
field between 0.3 K and 1.6 K. (d) Resistance as a function of in-plane magnetic field 
for the control sample (upper panel) and Sr2RuO4/Nb-STO (lower panel) at 0.3 K. 
Sr2RuO4/Nb-STO is suppressed to lower temperatures, as shown in Figure 8.3(c). From 
the comparison of the resistance plots, it is clear that the broad and much higher 
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temperature superconducting transition in Sr2RuO4/Nb-STO is associated with the 
superconducting Sr2RuO4 thin film, rather than Nb-STO. The partial superconductivity 
and the step-feature in the superconducting transition could be due to the quality 
variations in the sample, which can be associated with the localized defects observed 
in Figure 8.3(e).  
To further confirm the presence of superconductivity in Sr2RuO4 thin film, the 
resistance of both the Sr2RuO4/Nb-STO and control sample at 0.3 K were measured 
with an in-plane magnetic field. The results are shown in Figure 8.3(d). In the upper 
panel in Figure 8.3(d), superconductivity of the control sample was completely 
suppressed at about 10 mT. This magnitude is close to the reported upper critical field 
(Bc2) of Nb-STO
[146] at 0.3 K. In comparison, the magnetoresistance of Sr2RuO4/Nb-
STO is obviously different, as shown in the lower panel of Figure 8.3(d). The resistance 
starts to decrease gradually below about 150 mT. Then at about 15 mT, roughly the 
magnitude of the Bc2 of the control sample, a faster decrease in the resistance is 
observed. Hence, it can be deduced that the resistance decrease starting at about 150 
mT is associated with the superconducting Sr2RuO4 thin film, while the sudden drop at 
about 15 mT can be associated to Nb-STO. In addition, given the large bias current used 
in my experiments, it can be deduced that the Bc2 of the Sr2RuO4 film should be higher 
than 150 mT. Although it is still small compared to the Bc2 of single crystal Sr2RuO4 
(1.5 T)[16], this is much higher than the previous result, which is only about 15 mT[76]. 
This once again confirms the superior quality of Sr2RuO4 thin films grown on Nb-STO 
compared to Sr2RuO4 thin films grown on LSAT.  
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8.3 Further Analysis and Conclusions 
The above results all confirmed the partial superconductivity in the Sr2RuO4 thin 
films grown on the Nb-STO substrate. Moreover, several different wire bond locations 
of the same sample have been measured, consistent with the way the measurement was 
done for the previous localized superconducting Sr2RuO4 thin film on LSAT. In 
Sr2RuO4/Nb-STO, partial superconducting transitions (where superconducting 
transition was observed, but not to zero resistance value) were observed for all wire 
bond locations (e.g. 1 mm spacing between each wire bond). Although wire bonds 
cannot cover the whole area of the films, the fact that partial superconductivity was 
observed on all measured locations suggests that superconductivity in Sr2RuO4/Nb-
STO was relatively homogeneous compared to films grown on LSAT in chapter 7.  
As a further step, the consistency of superconducting Sr2RuO4 thin films on Nb-
STO was also investigated. Specifically, two more Sr2RuO4 thin films with similar 
thickness (about 60 nm) to the one discussed so far were grown on Nb-STO. For better 
comparison, the resistance as a function of temperature of the three samples were shown 
in Figure 8.4(a), with the name as S3, S2, and S1. The profiles were similar with two 
resistance drops at similar temperatures. To better resolve the differences, their 
temperature derivatives of resistance were plotted in the lower panel in Figure 8.4(a). 
It is clear that the first resistance drops occur at about 1.3 K, followed by the second 
resistance drops at about 0.8 K. This strongly demonstrates that superconducting 
Sr2RuO4 films can be consistently grown on Nb-STO.  
In addition, Sr2RuO4 thin films with different thicknesses were grown on Nb-STO 
to study the effect of film thickness on the their Tc values. The results are shown in 
Figure 8.4(b). It is clear that as the film thickness increases, the Tc decreased, and vice 
versa. This can be understood in terms of strain development in thin films as discussed 
in Chapter 4. Very thin films remain highly strained by the substrate even in the 
presence of big lattice mismatch between the film and substrate. As the film continues 
growing, strain relaxation occurs in the form of dislocations and/or other defects, which 
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releases the strain energy caused by the lattice mismatch. Therefore, in this sense, 
thicker films inevitably have more defects compared to thinner ones. For Sr2RuO4, the 
superconductivity of which is highly sensitive to defects and impurities[15], therefore it 
is not hard to see that a thicker film has a lower Tc. 
 
Figure 8.4 (a) Resistance as a function of temperature for three Sr2RuO4/Nb-STO 
samples (upper panel) and temperature derivative of resistance as a function of 
temperature for them (lower panel). S1 is the sample discussed from the beginning of 
this chapter. (b) Tc values of several superconducting Sr2RuO4/Nb-STO as a function 
of film thickness. (c) Upper panel: A comparison of the FWHM of the rocking curves 
of (0 0 6) Sr2RuO4 thin films grown on Nb-STO, STO, and LSAT. Lower panel: a 
comparison of the c-axis values of Sr2RuO4 thin films grown on Nb-STO, STO, and 
LSAT. The dashed line indicated the bulk c-axis value for Sr2RuO4. The Sr2RuO4 films 
grown on STO were grown using the same condition as the ones on Nb-STO and LSAT: 
deposition temperature 950 °C, oxygen pressure 7.5 mTorr, target to substrate distance 
7.5 cm, laser fluence 1.5 J/cm2, ablation frequency 2Hz.  
Lastly, it is very interesting to mention that compared to other substrates like LSAT 
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and insulating STO, superconducting Sr2RuO4 film grows consistently on Nb-STO. The 
exact mechanism is still unknown yet and there is still a lack of research on this. It is 
known that Nb-STO is a good thermoelectrical material[141], which is very different 
from LSAT or the undoped STO. Thermoelectrics material has the property that the 
temperature difference on two sides of the material would lead to voltage difference[147]. 
In the case of thin film depositions, the bottom side of the substrate is sticking on the 
heater surface using silver paint, while the upper side of the substrate is the surface 
where thin film grows. Due to the temperature gradient between the bottom side which 
is in contact with the heater and the top side of the substrate, a slight voltage difference 
may be built up between the two sides of the substrate. During deposition, both anions 
and cations exist in the plume species[96]. A charged substrate would undoubtedly alter 
the preference of the sequence of charged particles on substrate. In the case of Sr2RuO4, 
Sr2+ and Ru4+ are positively charged with different amount of charges, while O2- is 
negatively charged. This way, the growth of Sr2RuO4 thin films can be mediated by the 
appearance of the charged substrate, which help organize the growth sequence and 
avoid defect growth. However, further study needs to be developed to further verify and 
understand the growth mechanism of Sr2RuO4 films. A study of other superconducting 
films grown on Nb-STO substrate revealed that Nb-STO offers a flatter and 
homogeneous surface compared to other insulating substrates, which is necessary for 
high quality film growth[138, 139].  
In my case, Sr2RuO4 thin films grown on several substrates were compared: Nb-
STO, LSAT, and normal insulating STO. Some correlations between superconductivity 
and film quality were found. Recalling that rocking curves can be an indicator of how 
good the transport is for Sr2RuO4 thin films in Chapter 6, the FWHM of Sr2RuO4 
rocking curves on the three substrates were compared here. This is shown in the upper 
panel of Figure 8.4(c). The difference is obvious: both of the value and range of the 
FWHM values for Sr2RuO4 films on the three different substrates are different. Sr2RuO4 
films on Nb-STO substrate have smaller FWHM values and narrower range compared 
to those on STO or LSAT. Therefore, a smaller FWHM value appears to be a 
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prerequisite for superconductivity in Sr2RuO4. In addition, the c-axis values of Sr2RuO4 
thin films on the three substrates were also investigated. The results were shown in the 
lower panel in Figure 8.4(c). It is clear that the c-axis value of Sr2RuO4 grown on Nb-
STO is the closest to that of the single crystal, indicating fewer defects in the film. 
Therefore, we can say Sr2RuO4 films grown on Nb-STO have higher quality than those 
grown on STO or LSAT. In this sense, superconductivity is more reliably observed.  
In summary, the introduction of Nb-STO as a substrate to grow superconducting 
Sr2RuO4 thin films has made obtaining good quality film much easier compared to 
growing on LSAT. Consistent partial superconductivity has been observed, rather than 
the localized superconductivity seen on LSAT films. This results undoubtedly opens a 
whole new chapter of exciting possibilities to not only in the study of superconducting 
Sr2RuO4 thin films growth, but also on the understanding of the superconducting nature 
of Sr2RuO4.  
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Chapter 9 Conclusions and Future 
Work 
9.1 Conclusions 
Sr2RuO4 is a very promising candidate to study p-wave spin-triplet 
superconductivity. In addition to the current results on Sr2RuO4 single crystals both 
experimentally and theoretically, much more work needs to be carried out on Sr2RuO4 
thin films, which could guarantee high quality interfaces or junctions. Therefore, it is 
very desirable to have a method to consistently grow superconducting Sr2RuO4 thin 
films. This is also the focus of this PhD research.  
This thesis covers the understanding of the key pulsed laser deposition parameters 
and their influences on Sr2RuO4 film compositions and transport properties. The study 
mainly consists of four progressive steps.   
The first step was the optimization of c-axis oriented Sr2RuO4 thin films using 
pulsed laser deposition. Sr2RuO4 is a member of the Sr-Ru-O series and has a narrow 
growth window in terms of the deposition parameters. Therefore, it is prone to 
involuntarily introduce other phases in the series like SrO or SrRuO3 into the films 
during growth. Clean single phase Sr2RuO4 films can be obtained by adjusting the four 
major deposition parameters including background oxygen pressure, deposition 
temperature, target to substrate distance, and laser fluence. This step is highly 
reproducible, as discussed in section 6.1.5.   
Secondly, after obtaining the phase pure c-axis oriented Sr2RuO4 phase, the 
transport properties were investigated. Although the earlier c-axis oriented Sr2RuO4 
thin films were all metal-insulating at low temperatures, some evidence was found 
showing the connection between the FWHM of the Sr2RuO4 (0 0 6) rocking curves and 
the metal-insulating transition temperatures. Small FWHM values are associated with 
low metal-insulating transition temperatures, and vice versa. Given the fact that the 
growth window in terms of the deposition parameters are still wide, fine tuning was 
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carried out on the four deposition parameters including the oxygen pressure, laser 
fluence, deposition temperature, and ablation frequency. All these factors are important 
in improving the film quality in terms of reducing the FWHM of the Sr2RuO4 rocking 
curves, and hence suppressing the metal-insulating transition temperatures of Sr2RuO4 
thin films. Subsequently, fully metallic Sr2RuO4 thin films without metal-insulating 
transitions were obtained. Similar to first step, this step is also reproducible as long as 
the growth parameters fall into the narrow range as discussed.   
Thirdly, during the fine tuning process, localized superconductivity was also 
observed in my Sr2RuO4 metallic thin films grown on LSAT substrates. However, no 
obvious deposition parameters could be used to consistently achieve homogeneous 
superconductivity in the whole Sr2RuO4 thin films. Given the fact that the report of 
superconducting Sr2RuO4 thin film is rare with only one report
[14] before this work, the 
low temperature transport behaviors and the structures of my superconducting Sr2RuO4 
thin films were investigated. It was found that the superconductivity is localized and 
has an enhanced Tc. Analysis on the c-axis calculations suggests the existence of 
stacking faults or intergrowth, which may be responsible for the localized 
superconductivity. It has been indirectly deduced that defects in superconducting 
Sr2RuO4 thin films are much lower than metallic Sr2RuO4 thin films, indicating defect 
is the main factor which suppresses the consistent and homogeneous emergence of 
superconductivity in Sr2RuO4 thin films. In this step, so far I have not grown any films 
showing homogeneous superconductivity throughout the film.  
Last but not least, Nb doped STO substrate was used to consistently grow partially 
superconducting Sr2RuO4 thin films. We observed that by using 5%wt Nb doped STO 
as substrate, superconductivity in Sr2RuO4 thin films can be consistently and reliably 
achieved. The Tc onset values ranged from 1.20 K to 1.47 K for films with the thickness 
from 30 nm to 225 nm. A further comparison of the FWHM in Sr2RuO4 (0 0 6) rocking 
curve grown on several substrates revealed that films grown on Nb-STO has better c-
axis alignment. In addition, the c-axis deviation from the standard bulk value for 
Sr2RuO4 films on Nb-STO is smaller than films grown on the other substrates. 
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Therefore, it can be concluded that Sr2RuO4 films grown on Nb-STO substrates have 
higher quality and this accounts for the consistency in transport properties of the 
superconducting Sr2RuO4 thin films. 
In summary, partially superconducting Sr2RuO4 thin films have been consistently 
and reliably grown by pulsed laser deposition. Although there is still a lot of work need 
to be further carried on, this result of no doubt opens up a whole new chapter of 
interesting possibilities that can be further explored in relation to superconductivity in 
Sr2RuO4 thin films, which is briefly discussed in the next section.  
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9.2 Future Work 
The consistent growth of superconducting Sr2RuO4 thin films by pulsed laser 
deposition will no doubt bring a huge step forward to a more complete understanding 
of Sr2RuO4 itself, and more importantly, towards an in-depth understanding and 
completion of the exotic superconductivity theories, that have puzzled scientists for a 
long time. Progressive work can be done based on superconducting Sr2RuO4 thin films.  
Firstly, although superconducting Sr2RuO4 thin films can be consistently grown as 
demonstrated in this thesis, it is very interesting to understand the growth mechanism 
of superconducting Sr2RuO4 thin films on Nb-STO substrate as compared to other 
substrates. This may lead to a systematic way of substrate selection for superconducting 
Sr2RuO4 thin film growth.   
Secondly, there have been several reports [90, 136, 137] on the pressure or strain effect 
on the Tc enhancement on Sr2RuO4 single crystals. However, due to the disadvantages 
of Sr2RuO4 single crystals as described in Chapter 1, neither Sr2RuO4 single crystal 
selection nor strain orientation can be easily realized[84]. It is very interesting to grow 
superconducting Sr2RuO4 thin films on different substrates with different lattice 
parameters and conduct a systematic study on the strain effect on superconductivity in 
Sr2RuO4. By taking advantage of the lattice mismatch between film and different 
substrates, strain is naturally induced in the Sr2RuO4 thin films. In this way, the 
consequent strain effect on the Tc enhancement and whether this can change their 
electronic structures can be measured and studied. 
Thirdly, because the superconductivity of Sr2RuO4 is extremely sensitive to 
structural disorders, besides the XRD analysis done in this work, it would be interesting 
to systematically study the microstructures of Sr2RuO4 thin films using TEM. By using 
TEM, it would be possible to detect localized structural disorders which otherwise 
cannot be detected using XRD. In addition, the elemental analysis or chemical 
characterization of the thin films can be performed on Energy-dispersive X-ray 
spectroscopy (EDS) or Rutherford backscattering spectrometry (RBS). Thus, 
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combining the microstructures and the chemical composition analysis can provide a 
better understanding of the superconducting Sr2RuO4 thin films.  
Fourthly, it is very interesting to repeat some of the previous junctions made on 
single crystal Sr2RuO4 using superconducting Sr2RuO4 films, the results of which were 
once clouded by the presence of Ru or a poor interface. Moreover, junctions are not 
limited to the previous ones. More junctions using superconducting Sr2RuO4 films can 
be made to settle the disputes behind the spin triplet superconductivity[11].   
Last but not least, it is known that spin triplet pairing can be induced at the 
interface between a spin singlet superconductor and a ferromagnet by some magnetic 
inhomogeneity[43]. Now with the ease of superconducting Sr2RuO4 film, which is a spin 
triplet superconductor, the effort to fabricate magnetic inhomogeneity can be 
dramatically reduced. For instance, it will be straightforward to fabricate Sr2RuO4 films 
and other ferromagnetic layers to see the long range proximity effect.   
Apart from the aforementioned possibilities, there are many more exciting 
experiments that can be done not only on superconducting Sr2RuO4 thin films, but also 
on fully metallic Sr2RuO4 thin films, which will help to improve the understanding of 
Sr2RuO4. 
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Appendix Ι Thickness Calculation 
and Experimental Errors 
 
An example of how thin film thickness and errors are calculated is given below: 
 
Figure A1 Thickness fringes of a sample and the simulation result based on the 
experimental data. The blue dashed lines marked both the film peak and the fringes in 
the experimental data.  
As already discussed in Chapter 5, film thickness can be calculated by measuring 
the period distance between two adjacent fringes, and use the following equation:   
𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 =
𝜆
2Δ𝜃∗𝑐𝑜𝑠𝜃
                                             (1)[115]. 
In experimental data, the fringe periods are not evenly spaced due to random variations. 
Therefore, there is a slight difference between the fringe periods. The result is shown 
in Table A1, where each fringe period corresponds to a calculated thickness value. The 
thickness of the sample is taken as the average value of the four values of fringe spacing, 
whereas the error of the thickness is taken as the absolute error of the data (e.g. by 
subtracting the highest and lowest thickness values in the table) which gives an average 
thickness of about 30 nm with an error of about ± 2 nm, rounded to the nearest integer. 
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In addition, the simulation also gives the result of about 30 nm, matches well with the 
experimental result.  
It has to be mentioned that in this method, we used adjacent fringes spacing instead 
of the overall spacing of all the fringes, say, Fringe 3’ to Fringe 3 in this case. The 
reason for this is that the overall spacing of all the fringes include the film peak, which 
cannot be considered as a fringe peak. Equation (1) is only valid when the spacing is 
between two fringe peaks. Therefore, using individual fringe peak spacing is more 
preferable in this case.  
 
Adjacent Fringes Fringe period (°) Calculated thickness (nm) 
Fringe 3’ to Fringe 2’ 0.14130 31.863 
Fringe 2’ to Fringe 1’ 0.15660 28.672 
Fringe 1 to Fringe 2 0.14783 30.416 
Fringe 2 to Fringe 3 0.15293 29.371 
Table A1 Fringe period and corresponding thicknesses.  
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Appendix II Bragg Equation 
Possible outcomes of equation (7.3) in Chapter 7 are illustrated in Figure 1. 
∆𝑑
𝑑
∝
𝑐𝑜𝑠2𝜃
𝑠𝑖𝑛𝜃
 
 
1. When there is no sample displacement error, the c-axis or d-spacing calculated from 
symmetrical 2θ-ω scans is constant – see Figure 1(a). 
2. When there is a sample displacement error, which normally occurs due to sample 
mounting as mentioned in Chapter 7, the c-axis values have a linear dependency on 
cos2θ/sinθ, as shown in Figure 1(b). In this case, the relative slope of the linear 
fitting function for both the film and the substrate are the same.  
3. When there is not only a sample displacement error, but also some intergrowth or 
stacking faults exist in the sample, the layers along the c-axis would be disrupted 
and therefore cause inconsistency in c-axis values. In Figure 1(c), the linear trend 
for the substrate does indicate a sample displacement error. However, the c-axis 
values for the film does not show any correlation with cos2θ/sinθ. In this case, as 
illustrated in reference[133], it indicates a sample with intergrowth/stacking faults.  
 
For each of the films, the substrate can be used as a reference for the sample 
displacement error, and assuming that the main peaks originate from regions of high 
quality epitaxy, the error should also equivalently affect these film peaks.  
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Figure 1. The explanation of the sample height error equation (1). (a) No sample 
height error. (b) With sample height error. (c) Sample height error with 
intergrowth/stacking faults within the layers in the film.  
